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Abstract 

For decades, the interaction between water and people has attracted hydrologists’ attention. 

However, the coevolution of social and natural processes, which occurs across a range of time 

scales, has not yet been adequately characterized. This research gap has motivated more research 

in recent years under the umbrella of “socio-hydrology”. The purpose of socio-hydrology is to 

posit the endogeneity of humans in a hydrological system and then to investigate feedback 

mechanisms between hydrological and human systems that might lead to emergent phenomena. 

The current state-of-the-art in socio-hydrology faces several challenges that include (1) a tenuous 

connection of socio-hydrology to broader research on social, economic, and policy aspects of water 

resources, (2) the (in)capability of socio-hydrological models to capture human behavior by 

generic feedback mechanisms that can be extrapolated to other places, and (3) unsatisfying 

calibration or validation processes in modeling. To address the first gap, a socio-hydrology study 

needs to connect proper social theories on water-related human decision making with a water 

resource model based on a given context and scale. Addressing the second gap calls for socio-

hydrology research with case studies in different and contrasting regions and at different scales. In 

fact, such study can shed light on the similarities and differences in socio-hydrological systems in 

different contexts and scales as initial steps for future research. The third research gap calls for a 

socio-hydrology study that improves calibration and validation processes. Thus, to address all 

these gaps in one thesis, two case studies with completely different environments are chosen to 

investigate various phenomena at different scales.  

The research presented here contributes to socio-hydrological understanding at two spatial scales. 

To account for the heterogeneity of human decision making and its interactions with the hydrologic 

system, an agent-based modeling (ABM) approach is used in this research. The first objective is 

to explore human adaptation to drought as well as the subsequent expected or unexpected effects 

on the agricultural sector and to develop a socio-hydrological model to predict agricultural water 

demand. To do so, an agent-based agricultural water demand model (ABAD) is developed. This 

model is applied to the Bow River Basin in Alberta, Canada, as a study region, which has recently 

experienced drought periods. The second objective is to explore conflict-and-cooperation 

processes in transboundary rivers as socio-hydrological phenomena at a large scale. The Eastern 

Nile Basin Socio-hydrological (ENSH) model is developed and applied to the Eastern Nile Basin 

(ENB) in Africa in which conflict-and-cooperation dynamics can be seen among Egypt, Sudan, 

and Ethiopia. The ENSH model aims to quantify and simulate these countries’ willingness to 

cooperate in the ENB.  

ABAD demonstrates (1) how farmers’ attitudes toward profits, risk aversion, environmental 

protection, social interaction, and irrigation expansion explain the dynamics of the water demand 

and (2) how the conservation program may paradoxically lead to the rebound phenomenon 

whereby the water demand may increase after decreasing through modernized irrigation systems. 

Through the ABAD model analysis, economic factors are found to dominantly control possible 
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rebounds. Based on the insights gained via the model analysis, it is discussed that several strategies, 

including community participation and water restrictions, can be adopted to avoid the rebound 

phenomenon in irrigation systems. Fostering farmers’ awareness about the average water use in 

their community could be a means to avoid the rebound phenomenon through community 

participation. Also, another strategy to avoid the rebound phenomenon could be to reassign water 

allocations to reduce farmers’ water rights. 

The ENSH model showed that (1) socio-political factors (i.e., relative political stability and foreign 

direct investment) can explain two historical trends (i.e., (a) fluctuations in Ethiopia’s willingness 

to cooperate between 1983 and 2009 and (b) a decreasing Ethiopia’s willingness to cooperate 

between 2009 and 2016); (2) the 2008 food crisis (i.e., Sudan’s food gap) may account for Sudan 

recovering its willingness to cooperate; and (3) Egypt’s political (in)stability plays a role in its 

willingness to cooperate. 

The outcomes of this research can provide valuable insights to support policymakers for the long-

term sustainability of water planning. This research investigates two main socio-hydrological 

phenomena at different spatial scales: the agricultural rebound phenomenon at a small 

geographical scale and the conflict and cooperation phenomena at a large geographical scale. The 

emergence of these phenomena can be a complex resultant of interaction and feedback 

mechanisms between the social system at the individual, institutional, and society levels and the 

hydrological system. Through developing quantitative socio-hydrological models, this research 

investigates the feedback mechanisms that may lead to the rebound phenomenon at a small scale 

and the conflict and cooperation phenomenon at a large scale. Finally, the research shows how 

these socio-hydrological models can be used for sustainable water management to avoid negative 

long-term consequences. 
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“We cannot solve our problems with the same thinking we used when we created them.’’ 

Albert Einstein 

Chapter 1  

Introduction 

1.1 Research Background and Motivation 

Hydrology was described by Chow ( 1964) as the science dealing “… with the waters of the earth: 

their distribution and circulation, their physical and chemical properties, and their interaction 

with the environment, including interaction with living things, and, in particular, human beings.” 

Early attempts focused on quantifying hydrological variables (e.g., rainfall, surface runoff, and 

infiltration) to accurately represent the hydrologic cycle with little attention to anthropogenic 

influences (Linsley et al., 1975; Sivapalan, 2018). However, as anthropogenic influences have 

significantly increased due to water resources and land developments, finding a watershed or 

aquifer without human impacts is difficult (Vörösmarty et al., 2010, 2013). 

In 1955, the Harvard Water Program was one of the first to integrate the different disciplines of 

hydrology, economics, and sociology (Reuss, 2003), leading to the subfield of Water Resource 

Systems for optimal management of water resources (Maass et al., 1962). In the 1990s, Integrated 

Water Resource Management (IWRM) was introduced as a process in which societal concerns and 

hydrology are brought together to sustainably manage water resources while boosting economic 

efficiency and ensuring equal access to these resources (Global Water Partnership, 2009). At the 

same time, as efforts were being made to integrate different disciplines in water resource 

management, several scientists have become interested in the interaction and coevolution of 

hydrological and social systems – a component that is missing from IWRM. One of the first 

scientists to bring the interaction between social and hydrological systems to hydrologists’ 

attention was Falkenmark (1977),  who wrote “Water and Mankind: A Complex System of Mutual 

Interaction.” Falkenmark (1979) advanced the subfield of hydro-sociology to “provide improved 

analysis of social consequences of water projects” (Falkenmark, 1979). Afterward, several 

subfields and frameworks emerged to investigate different aspects of the interaction between social 

and hydrological systems, including Coupled Human and Natural Systems (CHANS), game 

theory, and socio-hydrology. Although CHANS, hydro-sociology, and game theory involved 

human-water interaction, socio-hydrology, initiated by Sivapalan et al. (2012), focused mainly on 

quantitative models of co-evolutionary behaviors of humans and water systems with human 

decision-making processes. 

Socio-hydrology focuses on the co-evolutionary dynamics of social and hydrological systems in 

which processes (e.g., runoff and crop pattern selection) interact over different time scales 

(Sivapalan et al., 2012a; Sivapalan & Blöschl, 2015). The coevolution of human decision-making 

(e.g., crop pattern selection) and hydrological processes (e.g., runoff) in a socio-hydrological 

system may result in emergent phenomena in the long term (Sivapalan & Blöschl, 2015). As noted 
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by Grimm & Railsback, (2005), emergent phenomena refer to an observed system behavior that 

cannot be simply explained by the sum of the underlying system properties. The rebound effect in 

agriculture is an example of these emergent phenomena, which might occur due to modernizing 

traditional irrigation systems. Although this has long been recognized as a means to reduce water 

use, empirical evidence shows that this practice may not necessarily reduce water use in the long 

run; in fact, in many cases, the converse is true—a concept known as the rebound phenomenon 

(Berbel et al., 2014; Ward & Pulido-Velazquez, 2008).  

Emergent phenomena can be place-specific and scale-dependent. In other words, an emergent 

phenomenon that is found in a few places may not exist in all other places. Also, these phenomena 

can arise at not only a local scale (e.g., the agricultural sector in a small catchment), but also at a 

continental or global scale (e.g., transboundary rivers). On both sides of the boundary in a 

transboundary river, and across the boundary, the cooperation and conflict phenomena can be 

treated as an emergent phenomenon (Di Baldassarre et al., 2019). This phenomenon can be 

explained by the complex interaction of hydrological (e.g., runoff), political (e.g., national power), 

and socio-economic (e.g., potential economic gains from a river) factors (Zeitoun & Warner, 2006; 

Zeitoun et al., 2011b). The primary purpose of socio-hydrology is to investigate the interactions 

(feedback mechanisms) between hydrological and human systems and the phenomena that emerge 

due to these interactions. Therefore, socio-hydrology can help explore why different water 

management outcomes have emerged, and thus, provides insights into future water planning.  

The current research gaps in socio-hydrology can be categorized into three types: (1) the theoretical 

basis of socio-hydrology, (2) the types of socio-hydrological models adopted, and (3) the use of 

advanced methods for analyzing socio-hydrological systems. The current state-of-the-art in socio-

hydrology is still in its infancy and mostly suffers from a lack of proper connection with broader 

research on social, economic, and policy aspects of water resources. For example, to link physical 

flood dynamics to policy response, Di Baldassarre et al. (2015) used social memory as a variable 

reflecting a society’s knowledge about flood hazard decaying over time as a result of building 

infrastructure that decreases the society’s experience with flood hazards. However, although the 

use of social memory was a good initial step for socio-hydrological models, the social processes 

defined by Di Baldassarre et al. (2015) are oversimplified compared to the real world. For example, 

many people adapt to floods based on the media rather than their personal experiences (Gober & 

Wheater, 2015; Kasperson & Kasperson, 1996). In another example, although the study by 

Elshafei et al. (2014) showed a reasonable initial step for model developments in socio-hydrology, 

the lack of general social theories on the social processes is one of the deficiencies of this model. 

Such models (e.g., Di Baldassarre et al., 2015; Elshafei et al., 2014) mostly used conceptual 

parameters that cannot be well connected to broader research on the socio-economic aspects of 

water resources, and thus, collecting data for such models is a challenging task. To connect the 

state-of-the-art practices in socio-hydrology with broad research in social sciences, choosing a 

proper human decision-making theory is an important step. 
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One of the popular and common human decision-making theories is the “rational choice” or “homo 

economicus” theory in economic theory (Simon, 1978). This theory assumes that humans access 

perfect information and maximize their utility (Frank, 1987; Monroe, 2001; Simon, 1978). 

However, this theory is based on idealized assumptions and it is inconsistent with empirical 

evidence of human decision-making in natural resources (Hukkinen, 2014; Levine et al., 2015; 

Siebenhüner, 2000; Van Den Bergh et al., 2000). Nevertheless, this theory has been frequently 

used in human decision-making in natural resources as it is straightforward to be translated into 

mathematical equations (Kremmydas et al., 2018; Schlüter et al., 2017). The theory of “bounded 

rationality” is another popular human decision-making theory in economics and psychology 

disciplines, and is more consistent with the real world (Simon, 1955). As opposed to “rational 

choice” theory, the theory of “bounded rationality” is based on the assumption that humans are 

limited to imperfect knowledge about the real world and seek satisficing solutions rather than 

optimal ones (Epstein, 1999; Gigerenzer & Selten, 2001; Simon, 1955). In fact, the important 

advantage of the theory of “bounded rationality” over “rational choice” theory is to better capture 

the observed behavior in reality, as previous studies have quantitatively indicated (e.g., Wens et 

al., 2020). Compared to the “rational choice” theory, the theory of “bounded rationality” is more 

complicated to be represented by mathematical equations, and it needs several assumptions by a 

modeler in a given context (Schlüter et al., 2017). With all challenges associated with the theory 

of “bounded rationality”, because this theory can better capture the human behavior in the real 

world, it is important to present a case study that exemplifies its use with a socio-hydrological 

model to capture emergent phenomena. 

Another widespread debate in socio-hydrology is the capability of socio-hydrological models to 

capture human behavior by generic conceptualized social processes (Di Baldassarre et al., 2015; 

Gober & Wheater, 2015; Loucks, 2015; Montanari, 2015; Sivapalan, 2015; Troy et al., 2015). In 

the context of hydrology, physically-based models (e.g., MIKE-SHE and MESH) simulate 

hydrological processes over grid scales using the universal laws (e.g., the partial differential 

equations of mass, momentum, and/or energy conservation), and thus they can be extrapolated to 

other places (Pietroniro et al., 2007; Refsgaard et al., 1995). However, in the context of socio-

hydrology, although several studies developed stylized models that reduce coupled human and 

natural systems into a small number of interconnected subsystems (Di Baldassarre et al., 2015; 

Srinivasan, 2015; Van Emmerik et al., 2014; Yaeger et al., 2014), a few studies pointed out that 

human behavior is quite different in various places (Gober & Wheater, 2015; Loucks, 2015).  For 

example, Gober and Wheater (2015) noted that the policy responses to flooding events are widely 

different in various places based on socio-economic interests (e.g., U.S., U.K., and Canada). Thus, 

it is interesting to present contrasting case studies showing that different variables and phenomena 

need to be considered in socio-hydrology, depending on the place, scale, and nature of a problem.  

A wide range of model types has been used in socio-hydrology: conceptual models, system 

dynamics models and agent-based models. As one of the initial modeling steps, conceptual models 

have been widely used in socio-hydrology (e.g., Giuliano Di Baldassarre et al., 2018; Wens et al., 

2019; Westerberg et al., 2017). This model type creates a general understanding of a socio-
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hydrological system by representing the abstractions of the real world. For example, Wens et al. 

(2019) proposed a framework that extends the traditional risk modeling approach to capture the 

feedback mechanisms of the human adaptation decisions and drought exposure, vulnerability, and 

hazard. Many of these conceptual models in socio-hydrology lack quantitative representation of 

the system and are not verified by real case studies.   

Another type of modeling in socio-hydrology is system dynamics. System dynamics as a top-down 

approach is used when there is proper knowledge about the entire system (Sterman, 2001). Using 

this knowledge, researchers attempt to replicate the system structure by modeling system behavior. 

For example, Gunda et al. (2018) developed a participatory model through a system dynamics 

approach to investigate the adaptation effect in the agricultural sector and simulate streamflow 

under climate change. This participatory modeling enabled them to involve the community 

experiences and information in their model.  

On the other hand, using agent-based modeling as a bottom-up approach, researchers attempt to 

explore possible emergent behaviors and system pathways by simulating all agents and their 

possible interactions (Wilensky & Rand, 2015). Conventional agent-based models have been built 

based upon optimization (maximization of benefits) (e.g., Ng et al., 2011; Schreinemachers & 

Berger, 2006, 2011), heuristics (decisions based only on past experience) (e.g., Barreteau et al., 

2004; Kerridge et al., 2001), or surveys (e.g., Castella et al., 2005; Dia, 2002) for decision-making 

principles. For example, Noël and Cai (2017) used agent-based modeling to explore the role of 

individual farmers in groundwater exploitation. This approach enabled them to capture the 

heterogeneity in farmers’ decision-making. Other studies have conducted statistical analysis for 

model parameterization or to investigate relationships among system components (Breyer et al., 

2018; Marston & Konar, 2017). For example, Breyer et al. (2018) explored the adaptation effect 

in Austin, Texas and showed the influence of water conservation on runoff in response to drought. 

The use of advanced methods for analyzing socio-hydrological systems is an important challenge 

in existing socio-hydrological models. Due to the limited historical socio-economic data, many of 

the models lack proper calibration and validation processes (e.g., Di Baldassarre et al., 2017; 

Garcia et al., 2016; Giuliani et al., 2016). Gaps in spatio-temporal data of climate, hydrology, 

economics, and policy lead to large uncertainties in model output (Gleick et al., 2013; Nazemi & 

Wheater, 2015b; Wood et al., 2011). For example, limited data are available on local and global 

actual water use in different sectors (Nazemi & Wheater, 2015b, 2015a). Therefore, some studies 

have captured the observed general dynamics of the socio-hydrological systems rather than mere 

observations (e.g., Ciullo et al., 2017). Moreover, another challenge is the lack of quantitative data 

on some social variables such as cooperation and conflict (Lu et al., 2021). Therefore, modelers in 

the socio-hydrological context often need to be innovative in model validation (Gonzales & Ajami, 

2017a). Among different modeling approaches, the calibration and validation processes are more 

challenging in the agent-based modeling approach for several reasons. First, this approach requires 

intensive data to represent the heterogeneity in the socio-hydrological system. Second, as a bottom-

up approach, the agent-based model usually possesses a relatively high number of parameters. 
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Third, due to the stochastic feature in agent modeling, such models generate different results in 

each model run, so the calibration and validation process is challenging in such models.  

Another research gap in the use of advanced methods for analyzing socio-hydrological systems is 

an under-appreciation of the need for proper sensitivity analysis (SA) of models developed. SA 

quantifies how model outputs are influenced or controlled by variations in model inputs (Razavi 

et al., 2021). Although SA applications have been widely used in hydrology (e.g., Razavi & Gupta, 

2019; Sheikholeslami et al., 2021), little attention has been paid to the SA of feedback loops 

between the human and hydrological systems (Elshafei et al., 2016; Wens et al., 2020). Due to the 

complex behavior of socio-hydrological systems and high interactions among components, one 

fundamental research gap is to indicate factor importance in the variability of model behavior with 

feedback loops between the human and hydrological systems. Therefore, an analysis of the 

sensitivity of socio-hydrological models to different endogenous system properties and exogenous 

socio-hydrological contexts can provide insights into the co-evolutionary dynamics of emergent 

phenomena (e.g., agricultural rebound phenomenon), thus, informing future water planning. 

 

1.2 Research Objectives 

With the growing complexity of coupled human and natural systems, socio-hydrology has focused 

on the co-evolutionary behavior between human and hydrological systems that can lead to 

emergent phenomena. However, as discussed, the current state-of-the-art in socio-hydrology faces 

several challenges that include (1) a tenuous connection of socio-hydrology to broader research on 

social, economic, and policy aspects of water resources, (2) the (in)capability of socio-hydrological 

models to capture human behavior by generic feedback mechanisms that can be extrapolated to 

other places, and (3) unsatisfying calibration or validation processes in modeling. To address the 

first gap, a socio-hydrology study needs to connect proper social theories with a water resource 

model based on a given context and scale. These theories define how humans make water-related 

decisions, which impact a hydrological system. Addressing the second gap calls for socio-

hydrology research with case studies in different and contrasting regions and at different scales. In 

fact, such research can shed light on the similarities and differences in socio-hydrological systems 

in different contexts and scales. Thus, as an initial step, such a study can pave the way for future 

research to investigate similarities in conceptualizing a socio-hydrological system in different 

regions and at different scales, and thus search for potential generic social processes. The third 

research gap calls for a socio-hydrology study that improves calibration and validation processes. 

Due to the limited quantitative data on some emergent phenomena (e.g., cooperation and conflict), 

such research can provide innovative calibration and validation processes for different emergent 

phenomena at different scales. Thus, to address all these gaps in one thesis, two case studies with 

completely different environments are chosen to investigate various phenomena at different scales.  

The overarching goal of this thesis is to provide a better understanding of coupled human and 

hydrological systems by investigating: (1) the feedback mechanism for specific emergent 

phenomena (i.e., the agricultural rebound phenomenon and the cooperation and conflict 

phenomena) in different contexts and at different scales, (2) calibration and validation processes 



6 
 

for socio-hydrological models, (3) the important factors that control those phenomena, and (4) the 

practical strategies that policymakers can use to avoid those phenomena. In other words, the first 

information gap on any emergent phenomenon is why it emerges and what factors play significant 

roles in the phenomenon. These questions are addressed in socio-hydrology by developing 

quantitative models and system analyses. These models need to be innovatively calibrated and 

validated with limited quantitative data. After developing such models, the important question is 

what practical strategies can be designed out of these complex and mathematical models for 

sustainable water management. Indeed, using socio-hydrological models, designing these 

strategies is a way to communicate with policymakers and help them with their decision-making 

on sustainable water management. 

To achieve the overarching goal of this thesis, two case studies with completely different 

environments are chosen: (1) The Bow River Basin (BRB) in Alberta, Canada and (2) the Eastern 

Nile Basin (ENB) in Africa, which includes Ethiopia, Sudan, and Egypt. The former is from a 

prosperous and developed country and is bounded within one jurisdiction (i.e., the province of 

Alberta) with a cold environment. The latter is from an economically and technologically 

challenged region, characterized by a hot climate with a shortage in basic needs and a high 

population growth rate. It is part of a transboundary river with a history of conflicts and is charged 

with multidimensional environmental, socio-economic, and political motivations.  

The first case study (BRB) helps look into and simulate changes in cropping patterns and irrigation 

systems, and their effects on agricultural water demand in the BRB under drought and regulatory 

policies. This analysis will provide a new way of understanding the co-evolutionary dynamics of 

agricultural water demand and pave the way for future sustainable water planning. The second 

case study (ENB) helps investigate the feedback mechanisms of the cooperation and conflict 

phenomenon in a transboundary river.  

Based on the defined overarching goal, the next sub-sections outline the three specific objectives 

of this thesis that are broken into three manuscripts. These sub-sections also provide information 

on how the selected case studies pave the way for this dissertation to achieve its research 

objectives.  

 

1.2.1 Simulating the Long-term Agricultural Water Demand under Human Adaptation to 

Drought  

Although a few agricultural socio-hydrological models have been developed (Becu et al., 2003; 

Berger & Troost, 2014; Kandasamy et al., 2014; Pande & Savenije, 2016), the remaining gap is to 

investigate the dynamics of agricultural irrigation water demand in the long term in response to 

drought conditions and the potential agricultural rebound phenomenon. Indeed, This complexity 

cannot be explored by traditional agricultural water demand models because these models consider 

the effects of water conservation policies (e.g., changing crop patterns and water-saving 

technologies) through different scenarios (Hejazi et al., 2014; Tubiello & Fischer, 2007). 
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Therefore, to capture the complexity of co-evolving human-hydrological systems, the agricultural 

water demand modeling needs to be simulated through socio-hydrological modeling. 

The BRB’s major water users are agricultural districts, the city of Calgary, industries, and 

hydropower. The province of Alberta, including BRB, has been impacted several times by 

considerable droughts in the last decades (Khandekar, 2004). As a reaction to these droughts, both 

the government and farmers adapted their behavior to address the drought situations, impacting 

water demand in agricultural sectors (Alberta Irrigation Projects Association, 2015). In particular, 

in 2005, the government of Alberta initiated the Water for Life program that intended to decrease 

the agricultural water demand by 30% through conservation, productivity, and efficiency by the 

year 2015 relative to the levels in 2005. To achieve this goal, this program used several measures, 

including upgrading on-farm irrigation systems and changing crop patterns (Alberta Irrigation 

Projects Association, 2015). 

To fulfill the first objective of this thesis on investigating the effect of human adaptation on 

agricultural water demand, an agent-based agricultural water demand (ABAD) model is developed 

for the BRB. The model development is followed by multi-objective calibration and validation. 

This agent-based model simulates water demand at the level of the individual farmers, as agents, 

and captures their interactions within a socio-hydrological system. The use of the agent-based 

model enables this research to consider the heterogeneity in human decision-making.  

 

1.2.2 The Use of Global Sensitivity Analysis for a New Way of Understanding the Long-term 

Agricultural Water Demand Dynamics 

After investigating the essential socio-economic factors in farmers’ decision-making for water 

demand and the underlying feedback loops among the human and water systems, an important 

question is how to avoid the agricultural rebound phenomenon. This important issue calls for an 

explicit evaluation of the co-evolutionary dynamics and interactions among socio-economic 

factors that would prevent the agricultural rebound phenomenon. Time-varying global sensitivity 

analysis (GSA), as a powerful method for systems analysis (Razavi & Gupta, 2019), can unravel 

the extent to which different time-varying dimensions of co-evolutionary dynamics influence the 

rebound phenomenon.  

The application of GSA to coupled human-natural systems can be found in the literature of agent-

based models (e.g., Becu et al., 2003; Brown & Robinson, 2006; Burke et al., 2006; Li & Liu, 

2007; Ligmann-Zielinska & Sun, 2010; Schlüter & Pahl-Wostl, 2007). The past studies mostly 

used a time-invariant model output or an aggregated model output as a system response for 

sensitivity analysis (An et al., 2005; Becu et al., 2003; Schlüter & Pahl-Wostl, 2007). These system 

responses can result in a loss of valuable information about the time-varying nature of the model 

behavior and cannot provide comprehensive insight into the co-evolutionary dynamics of the 

underlying system (Ligmann-Zielinska & Sun, 2010; Richiardi et al., 2006; Wagener et al., 2001). 

Time-varying GSA offers detailed information on how variability in model factors affects the 
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dynamics of the model outputs (Gupta & Razavi, 2018; Ligmann-Zielinska & Sun, 2010; Razavi 

& Gupta, 2019). Therefore, this type of analysis can deepen the understanding of the co-

evolutionary dynamics of complex phenomena in water management, thus, providing insights into 

future water planning.  

To achieve the second objective of this thesis on identifying the influential socio-economic factors 

in the agricultural rebound phenomenon, the previously calibrated ABAD model that is developed 

in the first part of this thesis is used. This study performs a time-dependent variance-based global 

SA on the ABAD model to examine the direct impact of socio-economic factors as well as their 

joint influence due to interactions on the rebound phenomenon.  

 

1.2.3 Simulating the Cooperation and Conflict Phenomenon in a Transboundary River Basin 

Conflict and cooperation phenomena in transboundary water resources have been widely 

investigated in different contexts. Studies include those focused on resolving conflicts (e.g., 

Madani et al., 2014; Rogers, 1969; Zarezadeh et al., 2012), analyzing conflict and cooperation 

(e.g., Mirumachi & Van Wyk, 2010; Wolf, 2007; Wolf et al., 2003), and investigating influential 

factors in conflict and cooperation (e.g., Dinar et al., 2010; Zeitoun et al., 2011). A question in 

socio-hydrology research arises about why conflict and cooperation dynamics emerge in a socio-

hydrological system and how these dynamics evolve over time (Di Baldassarre et al., 2019). 

Importantly, socio-hydrology aims to quantitatively explain the cooperation and conflict dynamics 

as a problem that arises from the co-evolutionary behavior of hydrological and socio-political 

systems. The ultimate goal of this exploration is to investigate how a socio-hydrological model 

can be used for future sustainable water planning to avoid conflicts in a transboundary river basin. 

Traditional studies in the Nile River basin have concentrated on the trade-offs among the riparian 

countries’ interests as a water apportionment problem (Arjoon et al., 2014; Block & Strzepek, 

2010; Digna et al., 2018; Geressu & Harou, 2015; Jeuland & Whittington, 2014; Kahsay et al., 

2015; Nigatu & Dinar, 2016; Sangiorgio & Guariso, 2018; Strzepek et al., 2008; Wheeler et al., 

2018, 2020, 2016). However, an important research gap is to quantitatively explain the cooperation 

and conflict dynamics in the history of the ENB with the co-evolutionary behavior of hydrological 

and socio-political systems, and thus, investigate basin-wide cooperation opportunities.  

The last part of this study aims to quantify and simulate the riparians’ willingness to cooperate in 

the ENB, and thus the basin-wide cooperation dynamics as a problem that is hypothesized to arise 

due to the interaction of hydrological and socio-political factors. By developing a socio-

hydrological model, this study explains how hydrological and socio-political factors can lead to 

the dynamics of cooperation in the ENB from 1983 to 2016. This study ultimately proposes a 

socio-hydrological transboundary framework that indicates how the developed model can be 

coupled with a water resources model. This framework can enable future studies to explore the 

evolution of cooperation pathways among the riparians, which can highlight actions leading to 

conflict in the ENB.  
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1.3 Thesis Outlines 

This thesis is a paper-based thesis that contains published or submitted papers in peer-reviewed 

journals. The titles of these papers are reflected in the titles of Chapters 2-4. Chapter 1 introduces 

the research background, motivation, and the objective of the dissertation. Chapter 2 develops an 

agent-based model to simulate the agricultural water demand in the BRB. This developed model 

is used in Chapter 3 to conduct a GSA and provide insights for avoiding the potential agricultural 

rebound phenomenon. Chapter 4 simulates the cooperation and conflict phenomenon in the ENB 

and provides a transboundary socio-hydrological framework to explore the evolution of 

coordination pathways among the riparians. Finally, Chapter 5 concludes the findings of this 

dissertation that includes contrasting case studies at different scales, and it outlines similarities and 

differences between the socio-hydrological studies.        
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Chapter 2  

Understanding Human Adaptation to Drought: Agent-Based Agricultural Water Demand 

Modeling in the Bow River Basin, Canada 

This chapter is a slightly modified version of the following paper to increase its consistency with 

the body of the Thesis. References are unified at the end of the dissertation. 

Ghoreishi, M., Razavi, S., & Elshorbagy, A. (2021). Understanding human adaptation to drought: 

agent-based agricultural water demand modeling in the Bow River Basin, Canada. Hydrological 

Sciences Journal, 66(3), 389-407. https://doi.org/10.1080/02626667.2021.1873344 

 

Synopsis 

The farmers in the Bow River Basin (BRB), Canada, have adopted water conservation strategies 

to reduce water needs. This reduction, however, encouraged irrigation expansion, which may 

rebound agricultural water demands. This paradox requires an understanding of human adaptation 

to drought by mapping individual farmers’ water conservation decisions to the dynamics of the 

basin-wide water demand. We develop an agent-based agricultural water demand (ABAD) model, 

simulating farmers’ behavior in adopting new on-farm irrigation systems and/or changing crop 

patterns in response to drought conditions in the BRB. ABAD demonstrates how (1) farmers’ 

attitude towards profits, risk-aversion, environmental protection, social interaction, and irrigation 

expansion explains the dynamics of the water demand and (2) the conservation program may 

paradoxically lead to the rebound phenomenon. ABAD, subject to its conceptualization 

limitations, can be used for exploration and scenario analysis of future agricultural water demand 

in response to water conservation programs in the BRB. 

 

2.1 Introduction  

As extreme events, such as drought, have become increasingly widespread, human behaviors have 

evolved, impacting both water supply and demand (Gonzales & Ajami, 2017a; Sivapalan & 

Blöschl, 2015). Policymakers have managed water demand in many regions for adaptation to 

drought. Water demand in many urban areas has reduced due to drought-related actions (Booysen 

et al., 2018; Quesnel & Ajami, 2017). In the same way, farmers have adapted to drought using 

several strategies, including water-saving technologies and changing crop patterns, to reduce 

agricultural water demand. However, this reduction can result in farmers’ motivation to expand 

the irrigation area, which might result in rebounding agricultural water demand as an emergent 

phenomenon. Such rebound phenomena have been observed in Spain and China (Berbel et al., 

2014; Song et al., 2018). Farmers have carried out these water conservation activities for several 

socio-economic reasons, including conservation purposes, maximizing profits, risk-aversion, 

environmental protection, and social influence (Hoag et al., 2012; Nowak, 1992; Wheaton et al., 

2005). These socio-economic factors change over time (Elshafei et al., 2014; Garcia et al., 2016b; 

Liu et al., 2014; Roobavannan et al., 2018) through feedback loops between hydrological and 

https://doi.org/10.1080/02626667.2021.1873344
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human systems, leading to considerable complexity for water management modeling (Razavi et 

al., 2020). The co-evolutionary dynamics between hydrological and human systems have been 

recently investigated using socio-hydrological models, highlighting the role of humans in human 

and natural systems. The socio-hydrological models can provide a better understanding of complex 

phenomena in agricultural water demand due to evolving farmers’ behavior (Van Emmerik et al., 

2014), thereby, enabling policymakers to enhance long-term water planning. 

The socio-hydrological models have increasingly focused on an interaction between human and 

hydrological systems (Pande & Sivapalan, 2017; Roobavannan et al., 2018; Sivapalan et al., 

2012b). Several studies have investigated the endogeneity of humans within water systems in 

several ways: by incorporating socio-economic drivers (Elshafei et al., 2014; Giacomoni et al., 

2013; Veena Srinivasan, 2015), or employing concepts such as social memory (Di Baldassarre et 

al., 2013; Gonzales & Ajami, 2017a) and collective behaviors (Du et al., 2017a; Garcia et al., 

2016b). In contrast to these studies that account for the two-way interactions of water and humans, 

other studies have investigated only cause-and-effect mechanisms between hydrological and 

human systems (Quesnel & Ajami, 2017; Roby et al., 2018; Yoshikawa et al., 2014; Zhang et al., 

2014).  

Many socio-hydrological studies have focused on agricultural water systems (Becu et al., 2003; 

Berger & Troost, 2014; Kandasamy et al., 2014; Pande & Savenije, 2016). However, investigating 

the dynamics of agricultural water demand in response to drought conditions through socio-

hydrological modeling remains elusive. To model agricultural water demand, the traditional 

models consider the effects of water conservation policies (e.g., changing crop patterns and water-

saving technologies) through different scenarios (Hejazi et al., 2014; Tubiello & Fischer, 2007). 

However, these traditional models cannot explain the complexity of co-evolving human-

hydrological systems, because the scenarios are considered explicitly in modeling (Sivapalan et 

al., 2012b); i.e., exogenous set of variables that are not dynamically updated based on feedback 

from the human interaction with the water system. Therefore, to capture the complexity of co-

evolving human-hydrological systems, the agricultural water demand modeling needs to be 

simulated through socio-hydrological modeling. 

System dynamics and agent-based models have attracted attention as tools for developing socio-

hydrological models that account for the feedback loops between human and hydrological systems  

(An, 2012; Berglund, 2015; Di Baldassarre et al., 2013; Garcia et al., 2016; Gonzales & Ajami, 

2017a). System dynamics as a top-down approach is used when there is comprehensive knowledge 

about the entire system and its governing equations. Using this knowledge, researchers attempt to 

replicate the system structure by modeling system behavior. On the other hand, agent-based 

modeling, as a bottom-up approach, starts a simulation at the level of an autonomous entity, an 

agent, which might be a member of a heterogeneous group. By simulating all agents and their 

possible interactions, researchers attempt to explore possible emergent behaviors and system 

pathways. Therefore, to account for both heterogeneity and possible interactions in a complex 

socio-hydrological system, we use agent-based modeling in this study.  

A considerable amount of literature has been published on the application of Agent-Based Models 

(ABMs) in agricultural systems (Groeneveld et al., 2017; Kremmydas et al., 2018). Conventional 
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agent-based models have been built based upon optimization (maximization of benefits) (e.g., Ng 

et al., 2011; Schreinemachers & Berger, 2006, 2011), heuristics (decisions only based on the past 

experience) (e.g., Barreteau et al., 2004; Kerridge et al., 2001), or surveys (e.g., Castella et al., 

2005; Dia, 2002) in support of decision-making in a range of contexts including farming 

(Kremmydas et al., 2018). However, many researchers have argued that these principles are based 

on simplified rules or the rational behavior (Jager et al., 2000; Parker et al., 2003; Wilensky & 

Rand, 2015). For example, the “rational choice” theory has been frequently used to explain human 

decision-making about natural resources, including hydro-economy, as it is simple and 

straightforward to be translated into mathematical equations (Kremmydas et al., 2018; Schlüter et 

al., 2017). However, this theory is based on idealized assumptions that are inconsistent with 

empirical evidence of human decision-making (Hukkinen, 2014; Levine et al., 2015; Siebenhüner, 

2000; Van Den Bergh et al., 2000). Using an agent-based model, Wens et al. (2020) indicated that 

the theory of “rational choice” underestimates the farmers’ profits compared to historical data in 

response to drought conditions; thus, farmers’ adaptation to drought cannot be explained by 

economic factors alone. The authors noticed that human adaptation to drought can be better 

explained by the theory of bounded rationality. In this study, we use the theory of bounded 

rationality to address the shortcomings of the “rational choice” theory. This theory implies that 

humans make decisions with limited rationality; therefore, they look for satisficing solutions rather 

than optimal ones. In this regard, agent-based modeling enables us to use such social theories as 

this approach starts simulations at the level of an individual agent.     

This study builds on the methodology previously developed by Dziubanski (2018) and Dziubanski 

et al. (2019), and applies it in the context of droughts. Dziubanski (2018) and Dziubanski et al. 

(2019) built an ABM to simulate flooding in which the “city agent” subsidizes “farmer agents” to 

convert their irrigated land into conservation in Iowa, USA. These farmer agents decide to switch 

to conservation based on factors on profits, past land use, and willingness. Using different 

scenarios, Dziubanski (2018) and Dziubanski et al. (2019) showed how flooding could be 

controlled while human responses co-evolve as a result of changing hydrological conditions. This 

study modifies and adapts that study to investigate the rebound phenomenon in agriculture in the 

drought context as a significant gap in socio-hydrology. Many of the previously developed socio-

hydrological models are “stylized” in that they lack necessary analyses for credible model 

development, such as calibration, validation, parameter uncertainty, and sensitivity analysis. 

Therefore, our study intends to contribute to this area.  

In this study, we look at the change in cropping patterns, irrigation systems, and their effects on 

agricultural water demand in the Bow River Basin (BRB), located in Alberta, Canada, as it has 

experienced drought in recent years. The objective of this paper is to better understand the 

complexity of a socio-hydrological system in farmers’ adaptation to drought under water-saving 

technologies and changing crop patterns. To fulfill this purpose, we develop an agent-based model 

for simulating individual farmers, as agents, and their interactions in their community.  

 

2.2 A Brief Overview of Water Resources Management in Alberta – Case Study 
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BRB, one of the important sub-basins of the South Saskatchewan River, Canada, accounts for 43% 

of its 9.5 billion cubic meters of average annual flow (Bow River Basin Council, 2010). This river 

basin’s major water users are agricultural districts, the city of Calgary, industries, and hydropower. 

The hydrological system of BRB is made up of three main parts: mountains, foothills, and prairies 

(see Figure A.1 in the supplementary material). The main water sources are snowmelt (contribution 

of 80% to the annual streamflow), rain, groundwater, and glacial melt (Turner et al., 2005), with 

the annual precipitation of 412 millimeters in Calgary (78% of this precipitation is rain) (Bow 

River Basin Council, 2010). With the full allocation of this limited water supply, the BRB authority 

has not accepted new applications for water allocations since 2006 (Alberta Queen’s Printer, 

2000).  

In 1999, the Water Act changed the prior-allocation system in Alberta to address water scarcity 

issues (Alberta Queen’s Printer, 2000). Before this change, in periods of water shortage, senior 

licenses took precedence over more recent (junior) licenses. This principle was called “first in 

time, first in right” (FITFIR). Through the Water Act, all domestic water use has the priority above 

all other licenses, regardless of the priority of the senior licenses. While the Water Act maintained 

the previous allocation, the new licenses were typically issued for five years. In 2001, the total 

water allocation exceeds the total water availability in the South Saskatchewan River basin as a 

result of the severe drought (J. J. Schmidt, 2007). In response to this severe drought, a water-

sharing program was initiated in which irrigation districts voluntarily withdrew 60% of their 

baseline consumption, thereby enabling all the licenses in the South Saskatchewan River basin to 

be partially filled (Rush et al., 2004). The experience of the drought in 2001 declared that a few 

irrigation districts of the South Saskatchewan River basin are over-allocated — junior licenses are 

at the risk of not being filled in drought (Shapiro & Summers, 2015). In response, in 2006, the 

South Saskatchewan River Basin Water Management Plan recommended that no new allocations 

should be allowed in this river basin (Alberta Environment, 2006).  

 

2.3 History of Drought and Drought Policies in Alberta – Case study  

The province of Alberta, including BRB, has been impacted several times by considerable 

droughts in the past nine decades (Figure 2.1). The Alberta drought in the 1930s, known as “Dirty 

Thirties,” was very severe, resulting in severe impacts on Alberta’s crops and considerable 

emigration (Environment and Parks, 2017). Starting in 1979, another series of droughts, as severe 

as the 1930s drought, devastated parts of Alberta: 1984 marked the driest year since 1916 (Water 

& Project, 2017), and the 2001-2002 drought caused Can$5.8 billion in damage and 41,000 job 

losses in agriculture (CBC News, 2009; Sauchyn et al., 2010). Alberta experienced a severe 

drought in 2009-2010 that caused an emergency situation in 10 counties located in central Alberta 

when they suffered from the lowest precipitation in 50 years (Water & Project, 2017). Alberta 

recently experienced other droughts in 2015 and 2017 (“2017 Annual Report of Agroclimate 

Conditions Across Canada - Agriculture and Agri-Food Canada (AAFC),” 2017; King, 2015). 
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Figure 2.1 Timeline of droughts in Alberta and the related political actions 

As a result of these droughts, both the government and local people adapted their behavior to 

address the drought situations (Figure 2.1), impacting water demand in industrial, urban, and 

agricultural sectors. In the 1930s, the government of Alberta created the Special Areas Board to 

govern the areas affected by the drought (“Drought in 20th Century Alberta,” 2018). Because of 

the decreased water supply caused by the droughts of the 1980s and 1990s, major water users in 

the BRB decided to share the available water under the idea of “sharing the pain” although they 

could have used their water licenses based on the priority systems under the Water Resource Act 

(AMEC Earth & Environment, 2009). In addition to this water sharing, the government of Alberta 

announced the construction of the Oldman River Dam in 1986 (“Drought in 20th Century Alberta,” 

2018), and water sharing also arose in the basin during the 2001-2002 drought (AMEC Earth & 

Environment, 2009; Nicol & Klein, 2006). Because of water shortage in 2001-2002, it was 

determined that the water storage only supported the water license holders with the priorities 

before 1950, resulting in the suspension of water diversions for the remaining water license 

holders. The water users in the Oldman River basin finally decided to share the available water 

and the economic consequences. The experience of the drought in the 1980s and 2001 indicated 

that “the well-being of water users in the region as-a-whole takes precedence over individual 

prosperity” (AMEC Earth & Environment, 2009).  

To achieve water security objectives, the government of Alberta announced the Water for Life 

Program in 2005 (Alberta Irrigation Projects Association, 2015). This program emphasized the 

need to decrease the water demand by 30% through conservation, productivity, and efficiency by 

the year 2015 relative to the levels in 2005, which was achieved through several measures, 

including upgrading on-farm irrigation systems and changing crop patterns (Alberta Irrigation 

Projects Association, 2015). This program was renewed in 2008 to run until 2018 (Alberta 

Environment, 2008). The government of Alberta partially subsidized the farmers to switch from 
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less efficient irrigation systems like flood irrigation to more efficient ones like sprinklers; 

therefore, the areas under flood irrigation systems continuously decreased until 2015 (Figure 2.2c). 

In addition to the irrigation system improvement, the goal of the Water for Life Program was 

achieved by changing the crop types to those requiring less water to grow. The crop patterns in 

BRB were switched from forage to other crops like cereals, oilseeds, and specialty crops (e.g., 

potato), which require 150 to 200 mm less water during the growing season (Figure 2.2a). 

Although this policy enabled farmers to initially reduce their water demand, farmers were 

motivated to use the saved water to expand their irrigation to increase their revenue (Figure 2.2b), 

thereby gradually rebounding agricultural water demand after 2010 (Figure 2.2d). It is worth 

mentioning that the sudden drop in 2010 is due to an extremely wet year (Diaz et al., 2016). This 

emergent pattern in water demand occurred by not only hydrological factors (i.e., drought) but also 

socio-economic effects (i.e., water conservation).         

 

 

Figure 2.2 (a) the crop type areas in BRB from 2005 to 2015, (b) the total irrigated area in BRB 

from 2005 to 2015, (c) the irrigation system areas in BRB from 2005 to 2015, and (d)the 

agricultural water demand in BRB from 1999 to 2015 (Source: Alberta Agriculture and Rural 

Development 2015). 

 

The previous studies have shown important socio-economic factors in water conservation 

decisions in BRB, using surveys of farmers (Kulshreshtha & Brown, 1993, 1994; L. A. Nicol et 

al., 2008). Kulshreshtha and Brown (1993) showed the importance of economic and environmental 

protection factors in the farm-level decision to adopt a new irrigation system. They indicated that 

the farmers adopt a new irrigation system with a positive role of the economics of irrigation and 

environmental quality (e.g., soil salinity). In addition, Kulshreshtha & Brown (Kulshreshtha & 

Brown, 1994) revealed the significance of government grants, as an economic motivation, and the 
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farmers’ neighbors in the farmers’ decision making. This finding is consistent with that of Ramirez 

(2013), who showed the key influence of social networks on agricultural technology adoption. In 

addition, the results of the past studies (Kulshreshtha & Brown, 1993, 1994) were supported by 

the finding of Nicol (2008), who particularly emphasized that the level of economic factors is an 

important element in the Alberta’s Water for Life Program. Moreover, this study showed that 

irrigation expansion is another motivation for farmers in Alberta’s Water for Life Program. The 

complexity of this behavior motivated us to map the relationship between the macro-scale 

outcomes (i.e., the dynamics of water demand) and micro-scale decisions (i.e., individual farmers’ 

water conservation decisions) in BRB using an agent-based modeling approach. 

 

2.4 A Conceptual Model for Complex Agricultural Water Systems 

According to the observation in BRB, we only conceptualized the feedback mechanisms associated 

with the potential rebound phenomenon to capture the co-evolutionary dynamics of social and 

hydrological systems. Feedback loops emerge in complex agricultural water systems because 

water conservation affects water availability in a river basin, which in turn affects water 

conservation. Upgrading the irrigation system and changing cropping patterns are considered as 

water conservation measures in this study, which are partially subsidized by policymakers. Figure 

2.3 shows two causal loops in the complex agricultural water system. The causal loop diagram, 

the foundational structure of systems thinking, represents the causes, the effects, and their relations 

in a system (Ford & Ford, 1999). This diagram, which depicts a closed chain, can be a balancing 

loop (-) or a reinforcing loop (+). The odd numbers of negative links lead to a balancing loop; on 

the other hand, the even numbers of negative links result in a reinforcing loop. These negative 

links represent the opposite direction of a change between two variables, while the positive links 

show the same direction of change. The first loop shows the relations between water availability, 

crop yield, gross margin, water conservation, and agricultural water demand. This causal loop 

shows how water conservation affects water availability in a river basin. Drought as an extreme 

event (not shown in the Figure) affects water availability, leading to a decrease in farmers’ crop 

yields and gross margins. As a result, farmers adapt to a new situation by water conservation 

through policymakers’ subsidy and self-finance, resulting in a decrease in water demand. 

However, this water conservation, which can increase water availability in a river basin, might 

encourage farmers to increase their irrigated area. This increase in the irrigated area could increase 

agricultural water demand, resulting in a reduction in water availability through the other loop. 

Using systems thinking, these feedback loops can finally result in rebounding water demand in the 

system. Therefore, this complex behavior should be considered in agricultural water demand 

modeling.   
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Figure 2.3 Feedback loops in a complex agricultural water system 

 

2.5 Methods 

ABAD simulates yearly agricultural water demand from 1999 to 2015, and it has two submodels: 

The human submodel and the water submodel. In this study, we used Netlogo as a tool because of 

its important features: open source code, free availability, supportive documentation and 

community, and a good connection with R. The connection of Netlogo with R paves the way for 

further model analyses (e.g., calibration and sensitivity analysis) as Netlogo provides limited 

capabilities for analyzing ABMs.      

 

2.5.1 Model Overview 

The human submodel focuses on the agricultural sector (only irrigated areas), including individual 

farmers as agents (Figure 2.4). In this study, we did not capture alternative forms of production 

(e.g., the farmers’ ability to change to dryland or pasture) in response to low water availability, 

and this is one of the study limitations. We determined 2000 agents based on the number of the 

farms in BRB with a random social network and specific characteristics sampled from probability 

distributions. This social network implies that the connected farmers observe their neighbors’ 

decisions. These connections were selected randomly during the model setup. In fact, in the model 

setup, each agent randomly creates a connection with another agent in the community, leading to 

a social network. In response to their profits, the agents decide to conserve water at the beginning 

of each year as they envision any forthcoming insufficient water availability. The agents make 

three different decisions: adopting an improved new on-farm irrigation system (i.e., a sprinkler 

system in this study), changing crops, and area to be irrigated. These decisions have interactions 

in that if an agent saves water by a new irrigation system, he/she may choose to use the saved 

water, within their water permit, to expand the irrigation.  

Following the mentioned local studies in BRB and the other previous studies (Arbuckle Jr, 2013; 

Du et al., 2017b; Hoag et al., 2012; Nowak, 1992; Pfrimmer et al., 2017; Wheaton et al., 2005), 

we determined several socio-economic factors, relevant to farmers’ water conservation decisions: 
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conservation purposes, future profits, past profits, risk-aversion, environmental protection, social 

interaction, and willingness to expand irrigation. The conservation purposes account for water 

conservation targets set by the government. The future profit is based on the expected gross margin 

of 1 ha of conservation. An agent decides to conserve water if he/she earns more benefits by 

conservation. This benefit can be received by the government subsidy and market. The past profit 

is based on the same idea; however, the economic evaluation is based on the past information of 

an agent (or the agent’s memory). The risk-aversion shows the degree to which an agent changes 

his/her past decision on water conservation. Therefore, if an agent is risk-averse, this agent 

continues his/her last decision on water conservation (only if it does not cause losses). The 

environmental protection factor implies the extent to which an individual farmer conserves water 

for environmental protection regardless of economic consequences. The social interaction 

accounts for the extent to which an agent is affected by neighbors. All these socio-economic factors 

lead to a final decision on water conservation. When individual farmers conserve water, a 

proportion of the saved water may be used for irrigation expansion. In this regard, the irrigation 

expansion factor shows the amount of the saved water that is used for irrigation expansion.  

We assumed that farmers assign different weights to their different factors to make a final yearly 

decision, following the work of Dziubanski (2018), Dziubanski et al. (2019), and Roobavannan et 

al. (2018). These weights show the extent to which farmers emphasize each of their socio-

economic factors. Considering these weights for each farmer in this study in the agent-based 

modeling framework allowed us to appropriately capture the heterogeneity of farmers’ decision 

making in their community. In other words, each farmer has a specific set of weights for decision 

making in the ABAD model.   

To account for the uncertainty associated with human decision-making, ABMs are generally 

developed using stochastic models given that human decision making is presumably stochastic 

(Acuna & Schrater, 2008; Cohen et al., 2007; Steyvers et al., 2009; Wilson et al., 2011; Zhang & 

Yu, 2013). Indeed, compared with physical systems that are generally defined by deterministic 

physical laws (e.g., gravity), social systems are more stochastic due to their uncertain and complex 

governing mechanism. In contrast to a deterministic model, a stochastic model generally generates 

different outputs for a specific set of model inputs. This stochasticity is reproduced in the model 

by sampling from probability distributions for some variables representing human decision-

making factors. In this study, the stochasticity was captured when farmers intend to change their 

crops for the next year regarding the future economic values of crops. Even though farmers are 

influenced by future economic values of crops given the market prediction, they have different 

perceptions of crop prices and costs over time, which were defined by the stochastic process (i.e., 

sampling from assumed distributions from moment to moment, further discussed in section 2.5.3).   
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Figure 2.4 The ABAD model framework 

2.5.2 Model Input 

The inputs to the human submodel are based on several yearly socio-economic data from 1999 to 

2015. The yearly irrigated area, irrigation system area, crop patterns, and agricultural water 

demand data were used from the Alberta Government information (Agriculture and Forestry, 

2015). The information on the conservation goal of the Water for Life Program was obtained from 

the Alberta Water Council report (Irrigation Sector Conservation, Efficiency, Productivity Plan 

2005-2015). The yearly crop yield data were represented by lumped values, which were obtained 

from Statistics Canada (2021). These time series account for the trend over time, but we are not 

simulating crop yield in this study; this is one of the study limitations. We assumed that the crop 

yields for both sprinkler and flood irrigation are the same.  The data on the subsidy were used from 

the Canadian Agricultural Partnership (2019). The subsidy for adopting sprinklers covers 40% of 

the cost of the irrigation system, and the rest of the cost should be self-financed (Canadian 

Agricultural Partnership, 2019). The production cost and crop price data were represented by a 

lumped value and obtained from the Alberta government (Agriculture and Forestry, 2015; see 

Table A.1 in the supplementary material for the items of production costs).     

The inputs to the water submodel are the meteorological data: radiation at the crop surface, soil 

heat flux density, psychometric constant, mean daily air temperature at 2 m height, the wind speed 

at 2 m height, saturation vapor pressure, actual vapor pressure, the slope of the vapor pressure 
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curve, and the crop coefficient. We used the daily meteorological data produced by the Water and 

Global Change (WATCH) from 1999 to 2015, which are available at http://www.eu-watch.org. 

 

2.5.3 Human Submodel 

The farmers’ decisions (i.e., adopting sprinklers, changing crop patterns, and area to be irrigated) 

are made separately by individual agents, but influenced by other agents (All Equations of human 

submodel are shown in Table 2.1). The decision on the area to be irrigated includes expanding 

irrigation through adopting sprinklers (Equation 2.1) as it increases the irrigated area in the river 

basin, which was defined in the decision on changing crop patterns (Equation 2.4). In other words, 

when individual farmers adopt technology to reduce their water demand, they use the saved water 

to expand their irrigation. Therefore, two main formulations were defined for the three decisions, 

which are based on the mentioned socio-economic factors. This study modified the formulation of 

a previous study by Dziubanski (2018) and Dziubanski et al. (2019), which was applied to water 

conservation in a flood situation. We applied the modified formulation in drought conditions and 

added another decision-making formulation on adopting sprinklers, which was interacting with 

crop changing decisions (Equations 2.1 and 2.4).  

Table 2.1 Summary of the main equations, variables, and factors in the human submodel of the 

ABAD model 

Model 

Component 
Equation 

Variable/Factor 

Farmer’s 

decision on 

adopting 

sprinkler 

∆𝐼𝑆𝑠,𝑡 =  𝑊𝑟𝑎(∆𝐼𝑆𝑠,𝑡−1)

+ 𝑊𝑝𝑝(∆𝐼𝑆𝑠,𝑡−1
+ ∆𝐼𝑆_𝑃𝑃 t )

+ 𝑊𝑓𝑝(∆𝐼𝑆𝑠,𝑡−1
+ ∆𝐼𝑆_𝐹𝑃 t )

+𝑊𝑒(∆𝐼𝑆𝑠,𝑡−1 + ∆𝐼𝑆_𝐸 t )

+𝑊𝑠(∆𝐼𝑆_𝑆 t ) 

(2.1) 

∆𝐼𝑆𝑠,𝑡 (ha): the change in a farmer’s 

land area that is switched to 

sprinklers 

 

𝑊𝑟𝑎 (−): the weight for risk 

aversion factor 

 

𝑊𝑝𝑝 (−): the weight for past profit 

factor 

 

∆𝐼𝑆_𝑃𝑃 t  (ha): the change in a 

farmer’s land area that is intended to 

switch to sprinklers given an 

individual’s past gross margin 

 

𝐼𝑆𝑠,𝑡 = ∑∆𝐼𝑆𝑠,𝑡

t

t=t0

 (2.2) 

𝐼𝑆𝑡𝑜𝑡,𝑡 =  𝐼𝑆𝑠,𝑡 + 𝐼𝑆𝑓,𝑡 (2.3) 

http://www.eu-watch.org/
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𝑊𝑓𝑝  (−): the weight for future profit 

factor 

 

∆𝐼𝑆_𝐹𝑃 t  (ha): the change in a 

farmer’s land area that is intended to 

switch to sprinklers given the 

expected gross margin 

 

𝑊𝑒 (−): the weight for 

environmental protection factor 

 

∆𝐼𝑆_𝐸 t : (ha) is the change in a 

farmer’s land area that is intended to 

switch to sprinklers given the 

environmental protection factor 

 

𝑊𝑠 (−): the weight for social 

interaction factor 

 

∆𝐼𝑆_𝑆 t  (ha): the change in a 

farmer’s land area that is intended to 

switch to sprinklers given the social 

interaction 

 

𝐼𝑆𝑡𝑜𝑡,𝑡 (ha): the total farmer’s 

irrigated area under irrigation 

system 

 

𝐼𝑆𝑠,𝑡 (ha): the total farmer’s irrigated 

area under sprinkler irrigation 

system 

 

𝐼𝑆𝑓,𝑡 (ha): the total farmer’s irrigated 

area under flood irrigation system 

Farmer’s 

decision on 

changing crop 

patterns 

∆𝐴𝑜,𝑡 = 𝑊𝑟𝑎(∆𝐴𝑜,𝑡−1)

+𝑊𝑝𝑝(∆𝐴𝑜,𝑡−1 + ∆𝐴_𝑃𝑃 𝑡 )

+𝑊𝑓𝑝(∆𝐴𝑜,𝑡−1 + ∆𝐴_𝐹𝑃 𝑡 )

+𝑊𝑒(∆𝐴𝑜,𝑡−1 + ∆𝐴_𝐸 𝑡 )

+ 𝑊𝑠(∆𝐴_𝑆 𝑡 )
+𝑊𝑖𝑒(∆𝐼𝑆𝑠,𝑡−1) 

(2.4) 

∆𝐴𝑜,𝑡 (ha): the change in a farmer’s 

land area that is intended to switch 

to other crops 

 

∆𝐴_𝑃𝑃 t  (ha): the change in a 

farmer’s land area that is intended to 

switch to other crops given an 

individual’s past gross margin 

 

∆𝐴_𝐹𝑃 t  (ha): the change in a 

farmer’s land area that is intended to 

switch to other crops given the 

expected gross margin 

 

∆𝐴_𝐸 t  (ha): the change in a 

farmer’s land area that is intended to 

switch to other crops given the 

environmental protection factor 

 

∆𝐴_𝑆 t  (ha): the change in a farmer’s 

land area that is intended to switch 

to other crops given the social 

interaction 

 

𝑊𝑖𝑒 (−): the percentage of the 

increase in annual irrigation for each 

agent 

𝐴𝑜,𝑡 = ∑ ∆𝐴𝑜,𝑡

𝑡

𝑡=𝑡0

 (2.5) 

𝐴𝑡𝑜𝑡,𝑡 = 𝐴𝑜,𝑡 + 𝐴𝑓,𝑡  (2.6) 
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𝐴𝑡𝑜𝑡,𝑡 (ha): the total farmer’s 

irrigated area 

 

𝐴𝑜,𝑡 (ha): the total farmer’s irrigated 

area under other crops 

 

𝐴𝑓,𝑡 (ha): the total farmer’s irrigated 

area under forage 

Farmer’s 

decision given 

the past gross 

margin  

𝑁𝐼𝑇𝑒𝑐ℎ𝑡 = 𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒𝑡 + 𝑆𝑢𝑏𝑠𝑖𝑑𝑦
− 𝐶𝑜𝑠𝑡𝑇𝑒𝑐ℎ 

(2.7) 

𝑁𝐼𝑇𝑒𝑐ℎ𝑡 (Can$/ha): the net gain in 

income from adopting 1 ha of 

sprinklers at the current year (i.e., 

opportunity cost) 

 

𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒𝑡 (Can$/ha): the incentive 

to an individual farmer for adopting 

sprinklers (i.e., the opportunity for 

irrigating specialty) 

 

𝑆𝑢𝑏𝑠𝑖𝑑𝑦 (Can$/ha): the financial 

support, by the government, for the 

adoption of sprinklers 

 

𝐶𝑜𝑠𝑡𝑇𝑒𝑐ℎ (Can$/ha): the cost of 

installing sprinklers 

 

𝑈(): a uniform distribution 

 

 

𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦  (Can$/Ton): the 

price for cereals at the previous year 

 

𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦 (Ton/ ha): the 

crop yield for the cereals at the 

previous year 

 

𝐶𝑜𝑠𝑡𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦 (Can$/ha): the 

production cost for the cereals at the 

previous year 

 

𝑁𝐼𝐶𝑟𝑜𝑝𝑡 (Can$/ha): the net gain in 

income from irrigating 1 ha of 

forage crops versus the other crops 

(oil seeds, cereals, and specialty) at 

the current year (i.e., opportunity 

cost) 

 

𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 (Can$/ha): 

the gross margin of 1 ha of forage 

 

𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑂𝑡ℎ𝑒𝑟𝐶𝑟𝑜𝑝𝑠 

(Can$/ha): the average gross margin 

of 1 ha over three crops, namely 

specialty, cereals and oil seeds at the 

previous year 

 

𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠 (Can$/Ton): the 

price for cereals at the previous year 

 

𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒𝑡 = 𝑈(0,1) × (𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦
∗ 𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦
− 𝐶𝑜𝑠𝑡𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦) 

(2.8) 
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𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠 (Ton/ ha): the crop 

yield for the cereals at the previous 

year 

 

𝐶𝑜𝑠𝑡𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠 (Can$/ha): the 

production cost for the cereals at the 

previous year 

 

𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠 (Can$/Ton): the 

price for oilseeds at the previous 

year 

 

𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠 (Ton/ ha): the crop 

yield for the oilseeds at the previous 

year  

 

𝐶𝑜𝑠𝑡𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠 (Can$/ha): the 

production cost for the oilseeds at 

the previous year  

 

𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 (Can$/Ton): the 

price for forage at the previous year 

 

𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 (Ton/ ha): the crop 

yield for the forage at the previous 

year  

 

𝐶𝑜𝑠𝑡𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 (Can$/ha): the 

production cost for the forage at the 

previous year 

𝑁𝐼𝐶𝑟𝑜𝑝𝑡 =  𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑂𝑡ℎ𝑒𝑟𝐶𝑟𝑜𝑝𝑠
− 𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 

(2.9) 

 

𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑂𝑡ℎ𝑒𝑟𝐶𝑟𝑜𝑝𝑠

=
1

3
∗ (𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦

∗ 𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦
− 𝐶𝑜𝑠𝑡𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦
+ 𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠
∗ 𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠
− 𝐶𝑜𝑠𝑡𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠           

+ 𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠
∗ 𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠
− 𝐶𝑜𝑠𝑡𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠) 

(2.10) 

𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒
=  𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒
∗ 𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒
− 𝐶𝑜𝑠𝑡𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 

(2.11) 
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Farmer’s 

decision given 

the 

environmental 

protection 

 

∆𝐼𝑆_𝐸 𝑡 = 𝑊𝑐 ∗ (𝐼𝑆𝑡𝑜𝑡,𝑡) (2.12) 𝑊𝑐 (−): the degree to which an 

agent is following the conservation 

target of the program  

 

 ∆𝐴_𝐸 𝑡 = 𝑊𝑐 ∗ (𝐴𝑡𝑜𝑡,𝑡) (2.13) 

Farmer’s 

decision given 

the social 

interaction 

 

∆𝐼𝑆_𝑆 𝑡 =

(

 
 ∑ ∆𝐼𝑆𝑠,𝑡−1,𝑘

𝑚

𝑘=1

∑ ∆𝐼𝑆𝑠,𝑡−1,𝑗
𝑛

𝑗=1 )

 
 
∗ 𝐼𝑆𝑡𝑜𝑡,𝑡 (2.14) 

𝑘 and j: the neighbors and agents, 

respectively 

 

(
∑𝑚k=1
∑𝑛j=1

) stands for the ratio of an 

individual’s decision (on changing 

crops or adopting sprinklers) to all 

other individuals’ decisions. 

∆𝐴_𝑆 𝑡 =

(

 
 ∑ ∆𝐴𝑜,𝑡−1,𝑘

𝑚

𝑘=1

∑ ∆𝐴𝑜,𝑡−1,𝑗
𝑛

𝑗=1 )

 
 
∗ 𝐴𝑡𝑜𝑡,𝑡 (2.15) 
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Equations 2.1 and 2.4 have five and six mentioned socio-economic factors (weights) plus one 

implicit factor, which is discussed in equations 2.12 and 2.13, resulting in seven different factors 

(weights) in total. The different weights reflect the degree to which each socio-economic factor 

plays a role in a final decision for each individual farmer. In this study, we assumed the weights 

are independent of each other. Following the previous studies (Bertella et al., 2014; Du et al., 

2017a; Marino et al., 2008), we assumed each different weight for individual agents is sampled 

from a normal distribution of the community. Although these weights were set to be the same for 

all individuals by Dziubanski (2018) and Dziubanski et al. (2019),  in our study, each of the weights 

was randomly sampled from a normal distribution with the mean and variance for the whole 

community being calibration parameters of the model (Figure 2.5). As this model has seven factors 

for decision making, we need two parameters for sampling each weight (i.e., mean and standard 

deviation), resulting in 14 parameters in the ABAD model (Table 2.2 and Figure 2.5). The 

remainder of the method section explains the main socio-economic components in farmers’ 

decision making.    

            

Table 2.2 The ABAD parameters, their descriptions, and units 

Parameters Description 
Lower 

Bound 

Upper  

Bound 

𝜇𝑟𝑎
 Mean of a normal distribution for risk-

aversion factor  

0 1 

𝜇𝑝𝑝 Mean of a normal distribution for past 

profit factor 

0 1 

𝜇𝑓𝑝 Mean of a normal distribution for future 

profit factor 

0 1 

𝜇𝑒 Mean of a normal distribution for 

environmental protection factor 

0 1 

𝜇𝑠 Mean of a normal distribution for social 

interaction factor 

0 1 

𝜇𝑐  
Mean of a normal distribution for 

conservation goal factor 
0 

Target of Water 

conservation 

program per 

year 

𝜇𝑖𝑒 
Mean of a normal distribution for 

irrigation expansion factor 
0 

Possible 

irrigation 

expansion per 

year in a river 

basin 

𝜎𝑟𝑎, 𝜎𝑝𝑝, 𝜎𝑓𝑝, 𝜎𝑒,𝜎𝑠,  

𝜎𝑐, and 𝜎𝑖𝑒 

corresponding to the same factors as the 

first seven mean values 

0 - 
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Figure 2.5 Individual farmers make their decisions about sprinklers and crop changes, given their 

different socio-economic factors. “W” shows a weight for a socio-economic factor. For each 

individual, a weight for socio-economic factor is sampled from a normal distribution of the 

community (i.e., N(µ , σ𝟐)). The lines between the individuals represent their social interaction 

with each other. In other words, a line shows both farmers observe each other for their decisions 

 

Risk-aversion factor: The risk-aversion factor, in Equations 2.1 and 2.4, implies the extent to 

which individual farmers change their last decisions on water conservation. Therefore, if an agent 

is risk-averse, this agent continues the previous practice (last year’s decision) for the current year. 

The past profit factor is based on the memory of the agent regarding their past gross margins of 1 

ha of conservation. Following Dziubanski (2018) and Dziubanski et al. (2019), the past profit was 

formulated by a quadratic function (see Equation A.1-A.8 in supplementary material). The 

decisions, based on past profit, were restricted by the conservation goal of the program (i.e., Water 

for Life Program). For adopting sprinklers, an agent evaluates the net income from adopting 1 ha 

of this irrigation system. Similarly, for changing crops, an agent calculates the net income from 

irrigating 1 ha of forage crops versus the other crops: oilseeds, cereals, and specialty. 

Past Profit Factor: An agent calculates the net income from adopting 1 ha of a sprinkler system 

based on the incentive, the subsidy, and the cost (Equations 2.7 and 2.8). The incentive to farmers 

is a profit, which can be earned because of adopting sprinklers. In this study, this incentive is a 

function of irrigated specialty, given the past report in our case study (Alberta Irrigation Projects 

Association, 2015). As an improvement on the past study by Dziubanski (2018) and Dziubanski 

et al. (2019), we also considered stochasticity in Equation 2.8 by assuming a uniform distribution 

because different farmers can have different perceptions about this value. In our case study, one 

incentive for farmers to adopt sprinklers is the potential to irrigate more lands and to plant crops 

like specialty crops, and therefore, we assume the gross margin of specialty crops as an incentive 

in this study (Equation 2.8). An agent calculates the net income from irrigating 1 ha of forage crops 
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versus the other crops regarding their gross margin difference between forage and other crops 

(Equations 2.9-2.11). After calculating the net income from each of the two main formulations 

(adopting sprinklers and changing crop patterns), an agent considers the first, second, and third 

quartile of his/her historical net income distribution as the satisfaction points based on the theory 

of bounded rationality. This agent considers all positive historical net income from the year 1999 

to the current year of simulation if he/she observes the positive net income at the current year. 

Similarly, the agent considers all negative historical net income from the year 1999 to the current 

year if he/she observes the negative net income in the current year. If the positive current net 

income equals the third quartile of the positive historical income, an agent carries out the maximum 

conservation, which was restricted to both his/her available irrigated area and the degree to which 

a farmer follows a conservation target set by the government. Additionally, if the positive current 

net income equals the second quartile of the positive historical income, an agent carries out the 

conservation on half of his/her irrigated land. However, we assumed that an agent does not 

conserve water if he/she observes small net income, less than the first quartile. Similarly, an agent 

behaves similarly when observing the negative net income in the current year. These water 

conservation decisions were defined based on the second-degree polynomial equation (see 

Equation A.1-A.2 in supplementary material).  

Future Profit Factor: Future profit factor was defined based on the expected crop price and 

production cost for the future. Therefore, an agent calculates future profits (∆𝐼𝑆_𝐹𝑃 t  and ∆𝐴_𝐹𝑃 t ) 
similar to the past profits; however, in the formulations of the future profits, the crop price and 

production cost are their future values. Instead of deterministic equations, we sampled these future 

economic variables from a normal distribution with a variance of Can$1. In other words, sampling 

from a normal distribution represents how the perception of a farmer is different from another one 

about future prices and costs. The small value was chosen in this case study because heterogeneity 

in farmers’ decisions about future profits in this region is inconsiderable. In this study, the mean 

of the distribution equals the historical mean of price and production cost trend for each crop.  

Environmental Protection Factor: The decision based on the environmental protection factor 

was defined to imply how an agent is in favor of environmental protection. This decision is a 

function of the conservation target factor. Given our modification of the study by Dziubanski 

(2018) and Dziubanski et al. (2019), the environmental protection factor was calculated for the 

conservation decisions based on Equations 2.12-2.13. 

Social Interaction Factor: Individual agents’ decisions are often influenced by the action of their 

neighbors due to their insufficient information (Centola, 2010; Kearns et al., 2009; Schelling, 

1973; Watts, 2002). The social interaction factor implies the degree to which an agent is influenced 

by their neighbors’ decisions. We modified the formulation of Dziubanski (2018) and Dziubanski 

et al. (2019) and added the social interaction factor to the decision making process. Following the 

work of Du et al. (Du et al., 2017b), we used a weighted average of a farmer’s neighbors to 

calculate the social influence on farmers (Equations 2.14 and 2.15), with a random social network 

during model setup. Based on the initialized social network at the start time of simulation, the 

social interaction with n agents and m neighbors was calculated for the conservation decisions 

based on Equations 2.14-2.15.  
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2.5.4 Water Submodel 

While the crop patterns and the adoption of new irrigation systems were simulated by the human 

submodel for the whole river basin, a lumped water submodel simulated the monthly agricultural 

water demand in BRB. Due to the availability of annual water demand data for our case study, we 

aggregated the monthly water demand to calculate the annual water demand for the purpose of 

model calibration and validation. 

Using the Penman-Monteith method, daily reference evapotranspiration (ET0) (mm/day) and crop 

evapotranspiration (ETc) (mm/day) were calculated as follows (Food and Agriculture Organization 

of the United Nations (FAO), 1998):  

        

 

 𝐸𝑇0 =
0.408∆(𝑅𝑛 − 𝐺) + 𝛾

900
𝑇 + 273𝑈2

(𝑒𝑠 − 𝑒𝑎)

∆ + 𝛾(1 + 0.34𝑈2)
  (2.16) 

 

  𝐸𝑇𝑐 = 𝐾𝑐 × 𝐸𝑇0  (2.17) 

 

where  𝑅𝑛 (MJ/m2.day) is net radiation at the crop surface, 𝐺 (MJ/m2.day) is soil heat flux density, 

𝛾 (kPa/°C) is psychometric constant, T (°C) is mean daily air temperature at 2 m height, 𝑈2 (m/s) 

is the wind speed at 2 m height, 𝑒𝑠 (kPa) is saturation vapor pressure, 𝑒𝑎 (kPa) is actual vapor 

pressure, ∆ (kPa/°C) is the slope of the vapor pressure curve, and 𝐾𝑐 (−) is the crop coefficient. 

We obtained the meteorological data from the WATCH forcing data (Weedon et al., 2014). 

Therefore, we calculated the water demand for a crop from irrigation (𝑊𝐷𝑐,𝑡) (mm/month) as 

follows (United States Department of Agriculture, 1970):  

 

  𝑊𝐷𝑐,𝑡 = 𝐸𝑇𝑐,𝑡 − 𝑃𝑒𝑓𝑓,𝑡 (2.18) 

  

 
 𝑃𝑒𝑓𝑓,𝑡 = 𝑆𝐹 × (0.0493 × 𝑃𝑡

0.824 − 0.11556) × 100.000955×𝐸𝑇𝑐,𝑡 (2.19) 

 

 
 𝑆𝐹 = 0.5317 + 0.0116 × 𝐷 − 8.94 × 10−5 × 𝐷2 + 2.32 × 10−7 × 𝐷3 (2.20) 

 

 
 𝑇𝑜𝑡𝑎𝑙𝑊𝐷𝑡 = 𝛽 ×

∑ 𝑊𝐷𝑐,𝑡
2
𝑐=1 × 𝐴𝑐,𝑡

𝐼𝐸𝑡
 (2.21) 
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𝐼𝐸𝑡 = (

𝐼𝐸𝑓 × 𝐼𝑆𝑓,𝑡 + 𝐼𝐸𝑠 × 𝐼𝑆𝑠,𝑡

𝐼𝑆𝑡𝑜𝑡,𝑡
) (2.22) 

 

where 𝑇𝑜𝑡𝑎𝑙𝑊𝐷𝑡 (106 m3/month) is the simulated total agricultural water demand of the river 

basin in million m3, 𝑃𝑒𝑓𝑓,𝑡 (mm/month) is the effective precipitation, SF is the soil water storage 

factor, 𝑃𝑡 (mm/month) is precipitation, 𝐸𝑇𝑐,𝑡(mm/month) crop evapotranspiration for crop c, D 

(mm) is assumed to be the maximum crop’s root depth, 𝐴𝑐,𝑡 (ha) is the crop area (i.e., forage or 

other crops), 𝐼𝐸𝑓 is the flood irrigation system efficiency, 𝐼𝐸𝑠 is the sprinkler system efficiency, 

𝐼𝐸𝑡 is the total efficiency, and 𝛽 is the conversion factor 10−5
𝑀𝐶𝑀

𝑚𝑚.𝐻𝑒𝑐𝑡𝑎𝑟𝑒
.  

 

2.6 Design of Experiments 

We performed all the analyses on the average of the model response (as a metric) with 20 

replicates, given the stochastic nature of our model. Using such metrics with a number of replicates 

(e.g., 10, 20, 50) is a common way to deal with the stochastic nature of ABMs (e.g., (Salecker et 

al., 2019; Segovia-Juarez et al., 2004)). Using the average of the model response with 20 replicates 

can also address the uncertainty in the size and level of connectedness of social networks in the 

ABAD model. Basing an analysis on many replicates is a common way in the sensitivity analysis 

of ABMs (e.g., (Salecker et al., 2019; Segovia-Juarez et al., 2004)).  

 

2.6.1 Global Sensitivity Analysis  

One challenge of the ABAD model is the high number of the model parameters, i.e., 14 parameters, 

relative to the limited data available, i.e., 17 years. To address this challenge in calibration and 

validation parts, we conducted a global sensitivity analysis on the ABAD model’s output to the 

potential ranges of the model parameters for identifying the most influential model parameters to 

be calibrated. We used the variogram-based framework, Variogram Analysis of Response Surfaces 

(VARS), which encompasses two commonly used approaches in global sensitivity analysis, 

namely derivative-based and variance-based approaches (Razavi & Gupta, 2016a, 2016b). Using 

variograms, VARS provides a set of metrics, named IVARS. Following Razavi & Gupta (2016a), 

we used IVARS50, representing the integration of a variogram over the first 50% of the parameter 

perturbation scales. In this study, for parameter sensitivity analysis, we used NSE on the annual 

agricultural water demand (NSE(Water Demand)) as a model response with the following 

sampling settings: number of stars=100 and sampling resolution=0.1 (see Razavi & Gupta (2016a) 

for further information on VARS sampling strategy). This sampling setting resulted in 12,700 

model runs.  

According to Table 2.2, the first five parameters (𝜇𝑟𝑎, 𝜇𝑝𝑝, 𝜇𝑓𝑝, 𝜇𝑒, and 𝜇𝑠) are the means for the 

corresponding socio-economic factors with their lower and upper bounds assumed to be 0 and 1 
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(See the details of the parameter ranges in Table A.2 supplementary material). These factors will 

be normalized to sum to one before being plugged into the model. The upper bound of conservation 

target per year (𝜇𝑐) was defined based on the long-term conservation target in Water for Life 

Program – based on this program, on average each year, 0.5% of the total irrigated land aimed to 

be under the water conservation program (Alberta Irrigation Projects Association, 2015). In 

addition, we assumed the upper bound of the mean for the irrigation expansion factor (𝜇𝑖𝑒) based 

on the historic data. Accordingly, while changing crop patterns, individual agents expand their 

irrigated area (above or below the historical value). Importantly, we assumed large boundaries for 

all standard deviations to fully investigate the model.  

In this study, crop yields are the main input data, as farmers mainly make decisions based on this 

information. Therefore, in addition to the sensitivity analysis of the model parameters, we 

perturbed the data on crop yields to assess the sensitivity of the model to this input. Using the 

method of Papalexiou (2018), we generated 1000 different realizations (i.e., time series) for 

different crop yields given a normal distribution with the same mean and variance of the historical 

data.  

 

2.6.2 Multi-objective Optimization  

To address the challenge of properly constraining the model with limited data, a general challenge 

to both socio-hydrological models and agent-based models (An, 2012; Ligtenberg et al., 2010; 

Noël & Cai, 2017; Pande & Sivapalan, 2017; Windrum et al., 2007), we used multiple, rather than 

single, model outputs for the calibration and validation of the ABAD model. Regarding the three 

main types of outputs in ABAD, i.e., water demand, irrigation system area, and cropping patterns, 

we calibrated the model based on two of these outputs (i.e., water demand and irrigation system 

area) and validate it based on the other output (i.e., cropping patterns). We used the Nondominated 

Sorting Genetic Algorithm II (NSGA-II) as the multi-objective optimization method. NSGA-II 

was proposed as an efficient multi-objective optimization method for complex and high 

dimensional problems (Deb et al., 2002). While we acknowledge that other optimization methods 

may have a better performance for finding optimum solutions, the NSGA method is a common 

approach that has been used for optimizing ABMs by many studies (Crooks et al., 2018; Lee et 

al., 2016). To account for the effect of variability within the optimization process and to find robust 

solutions, we ran optimization with 20 trials and the following setting: population size=100, 

generations=20, crossover probability=0.7, crossover distribution index=5, mutation 

probability=0.2, mutation distribution index=10. This optimization setting resulted in 40,000 

model runs. We used the value of 0.5 for NSE as a satisfactory threshold (Moriasi et al., 2007) for 

filtering the optimization results. 

 

2.6.3 Parameter Uncertainty Analysis 

To address the equifinality issues, we investigated the different parameter sets that properly fit the 

observation data through parameter uncertainty analysis. Our purpose of this analysis is to evaluate 

whether there exist the unique parameter sets that lead to observation data. In this regard, using 
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the same setting with the experiment on multi-objective optimization (section 2.6.2), we ran the 

optimization with 20 trials and investigated the parameter sets that correspond to the value of more 

than 0.5 for NSE of water demand and flood irrigation system area. We assumed this value for this 

experiment as a satisfactory model performance following the literature (Moriasi et al., 2007). 

Finally, we try to validate the result by qualitative data, namely existing reports and interviews in 

our case study.  

 

2.7 Results 

2.7.1 Sensitivity Analysis 

Figure 2.6 shows the parameter sensitivity analysis of the ABAD model based on IVARS50. The 

results show that the mean for the social interaction factor (𝜇𝑠) and the conservation goal factor 

(𝜇𝑐), and the standard deviation for social interaction factor (𝜎𝑠) are the most sensitive parameters 

controlling NSE(Water Demand) while the standard deviations for risk-aversion factor (𝜎𝑟𝑎), 

future profit factor (𝜎𝑓𝑝), and past profit factor (𝜎𝑝𝑝) are the least important parameters for this 

purpose. Compared to other factors, the social interaction factor (𝜇𝑠, 𝜎𝑠) highly affects NSE(Water 

Demand). However, most of the standard deviation parameters, which show the heterogeneity in 

the community, are the least sensitive, implying that the heterogeneity in socio-economic factors 

excluding social interaction control less NSE(Water Demand), compared to other factors.        
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Figure 2.6 Parameter sensitivity analysis of the ABAD model versus star number (star-sampling 

is a sampling strategy to improve the computation of a full range of sensitivity information (more 

details in Razavi & Gupta, 2016b)) based on IVARS50: Rank 1 represents the most influential 

parameter, while rank 14 represents the least influential parameter. Here, the global sensitivity of 

NSE(Water Demand) to the model parameters is assessed. 

 

The result of sensitivity analysis shows the dominant importance of all mean parameters as well 

as the standard deviations of social interaction (𝜎𝑠). In addition, to provide a better understanding 

of the importance of the standard deviations, we performed another sensitivity analysis with a 

narrower and more realistic range (See Table A.3 in the supplementary material for the parameter 

ranges of the sensitivity analysis). The result of this analysis indicates that all standard deviations 

drop in importance (See Figure A.2 in the supplementary material for the result of the sensitivity 

analysis). Besides, to the best of our knowledge, the heterogeneity (represented here by standard 

deviation) in this case study is not large. In other words, farmers make their decisions in a similar 

manner. Therefore, we reduced the number of the model parameters to seven parameters, namely 

the means of distributions of behavioral parameters (See Table A.4 in the supplementary material 

for the new setting for parameter sensitivity analysis). In this regard, following the past studies 

(Du et al., 2017b; Marino et al., 2008) and a good understanding of our case study, we fixed the 

rest of the parameters (all standard deviation parameters) to 0.01 for the calibration and validation 

purposes. We arbitrarily assumed this low value as an indicator of a small standard deviation in 
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this study. The decrease in the number of parameters enables us to avoid over-fitting issues in this 

study that can arise due to the limitation on data availability. However, this issue can be 

challenging in other case studies in case the farmers’ behavior is highly diverse, and it should be 

investigated further in future studies. 

After fixing the variance parameters, the possible change in the results of the sensitivity analysis 

of mean parameters motivated us to conduct another experiment with the new setting (See Table 

A.4 in supplementary material). The new results show that 𝜇𝑖𝑒 is the most sensitive parameter in 

the model after we fixed the less sensitive parameters (i.e., all standard deviations) (Figure 2.7). 

This means that the mean value of the irrigation expansion factor highly affects the results of 

NSE(Water Demand). Table 2.3 shows the comparison of parameter sensitivity analysis including 

all parameters with large standard deviations and the reduced set of seven parameters. The 

comparison shows that the social interaction factor plays a crucial role in the irrigation system 

growth and crop changing, leading to the water demand for agriculture, in a diverse society.  

 

 

Figure 2.7 Parameter sensitivity analysis of the ABAD model parameters based on NSE(Water 

Demand) with a new setting 

 

Table 2.3 The comparison of parameter sensitivity analysis with all parameters and seven 

parameters. The parameters with low ranking values are the most sensitive parameters. 

Ranking 
Sensitivity Result with All 

Parameters 

Sensitivity Result with Seven 

Parameters 

1 𝜇𝑠 𝜇𝑖𝑒 

2 𝜇𝑐 𝜇𝑐 
3 𝜎𝑠 𝜇𝑒 

4 𝜇𝑒 𝜇𝑠 
5 𝜇𝑖𝑒 𝜇𝑝𝑝 

6 𝜇𝑟𝑎 𝜇𝑟𝑎 

7 𝜇𝑝𝑝 𝜇𝑓𝑝 

8 𝜎𝑐 - 
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9 𝜇𝑓𝑝 - 

10 𝜎𝑖𝑒 - 

11 𝜎𝑒 - 

12 𝜎𝑝𝑝 - 

13 𝜎𝑓𝑝 - 

14 𝜎𝑟𝑎 - 

   

Regarding the sensitivity of the model to input data, Figure 2.8 shows the envelope of the 

variability of model outputs under the crop yield uncertainty. This result implies that the forage 

and other crop areas are more sensitive, compared to other outputs, to the change in crop yield. 

This result also shows that the variability of the crop yields highly affects the change in crop 

patterns as crop yield is important to farmers for their decision making.     
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Figure 2.8 The effect of crop yield uncertainty on the model outputs 

 

2.7.2 Multi-objective Calibration and Validation 

After screening the uninfluential model parameters by SA, we calibrated the remaining parameters 

with the new setting (See Table A.4 in supplementary material). Figure 2.9 shows the Pareto front 

based on two objective functions, i.e., NSE(Water Demand) and NSE(Area of Flood irrigation 

System). The best solutions for the optimization have NSE values of 0.98 and 0.59 for the Area of 

Flood System and Water Demand, respectively.  

 

 

Figure 2.9 The result of Pareto front based on NSE(Water Demand) and NSE(Area of Flood 

System) 

 

Figure 2.10 shows the Probability Distribution Function (PDF) plots of model performance based 

on the multi-objective functions. Given the results of 20 trials in multi-objective optimization, we 

derived a PDF to each NSE of the model outputs (water demand, flood irrigation system area, 

sprinkler irrigation system area, forage area, and other crop areas). Two of these PDFs (water 

demand and forage area), which were filtered by the value of 0.5 for NSE, were used for the 

calibration purpose. The other three PDFs were used for the validation purpose. This result shows 

that the PDF of water demand shows the smallest variability, representing that all model 
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performances on water demand are relatively robust. However, the PDFs of the other model 

performance metrics show large variability.  

 

 

Figure 2.10 Probability Distribution Function (PDF) plots of NSE values for different model 

outputs based on all the Pareto-front points of the 20 trials in multi-objective optimization. 

“Water demand” and “area of flood” were used as the optimization objective functions, and the 

other outputs were used for validation. 

 

Figure 2.11 shows the result of one optimum solution given calibration and validation results. This 

optimum solution generated NSE(water demand)=0.57 and NSE(area of the flood)=0.96. We 

choose this model for further analysis in section 2.7.3. The performance of the model for this 

solution is acceptable, given the NSE for different outputs. The optimum solution shows a good 

performance on the water demand output, although the model does not fully capture the observed 

data in the years 2000, 2004, 2011, and 2012. However, the model implies a much better 

performance on the outputs of the human submodel. One reason for the better performance of the 

human submodel is that the outputs of the human submodel (area of crops and irrigation systems) 

have more linear behavior than water demand. The model captures the overall nonlinear behavior 

of the forage and other crop areas with a satisfactory NSE. In addition, the model outputs on 

irrigation system areas are well-fitted to the observed data, which is due to the relatively linear 

behavior of these state variables.      
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Figure 2.11 The result of an optimum solution based on multi-objective optimization and the 

model performance for calibration and validation 

 

The result of the model optimal solution shows that the model is more sensitive to gradual trends 

rather than abrupt changes over time. For example, the model cannot simulate the abrupt changes 

in the area of other crops in 2010 (Figure 2.11). However, capturing overall trends in socio-

hydrological models can satisfy the goal of socio-hydrology as the purpose of such models is not 

to merely predict the future, but rather explore co-evolving trajectories of human and water 

systems (Srinivasan et al., 2017). Nevertheless, modifying the hydrological submodel to become 

a spatially distributed one is likely to enhance the model in capturing the abrupt changes.   
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2.7.3 Parameter Uncertainty  

The results of the parameter uncertainty imply that three out of seven parameters are more 

identifiable (smaller range of variability in Figure 2.12) in this study (i.e., 𝜇𝑟𝑎, 𝜇𝑐, and 𝜇𝑖𝑒). The 

mean of risk-aversion factor (𝜇𝑟𝑎) assumes a low value, implying that the farmers are risk-takers 

on average in this case study.  The risk aversion values are meaningful given the existing reports 

in Alberta province (Alberta Agriculture and Forestry, 2017; Statistics Canada, 2016), and the 

study by Kulshreshtha and Brown (Kulshreshtha & Brown, 1994), who showed the level of risk 

aversion is controlled by age and education of farmers. Accordingly, as a large number of farmers 

in Alberta are educated and younger than 55 years old (Alberta Agriculture and Forestry, 2017; 

Statistics Canada, 2016), they can be more risk-takers.  

Additionally, the mean of the conservation goal factor (𝜇𝑐) stands out as a high value, showing 

that the farmers highly follow the conservation target of the program (i.e., Water for Life Program). 

This result is supported by the report by the Alberta Irrigation Projects Association (2015), 

confirming that “… efficiency gains amounted to 26%, measured by the reduction in 

diversions…”. The mean of the irrigation expansion factor (𝜇𝑖𝑒) appears as a high value, implying 

that adopting sprinklers explains the irrigation expansion in BRB. Although this finding may 

contain uncertainty (e.g., due to the model structure), it is also supported by the past report and 

interviews (Alberta Irrigation Projects Association, 2015; Kulshreshtha & Brown, 1994). The 

report by the Alberta Irrigation Projects Association (2015) shows that technology is an incentive 

to farmers for shifting crops from forage to other crops. In addition, Kulshreshtha & Brown (1994) 

show that, by reviewing different surveys, irrigation expansion in the South Saskatchewan River 

Basin is the result of a change in technology. The results of the parameter uncertainty analysis are 

closely aligned with the different reports and interviews in our case study, which further validate 

the ABAD model.  

On the other hand, the result of parameter uncertainty shows that the means of future profit (𝜇𝑓𝑝), 

past profit (𝜇𝑝𝑓), environmental protection (𝜇𝑒), and social interaction (𝜇𝑠) are not quite 

identifiable in this study. Although it is difficult to identify the exact sources of the uncertainty, 

this issue is basically based on the model structure, forcing dataset, or model and observation 

errors.  
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Figure 2.12 The result of parameter uncertainty analysis based on multi-objective optimization 

 

2.8 Conclusion 

A better understanding of co-evolving human behaviors with hydrologic systems can enable 

policymakers to enhance their long-term planning as these behaviors affect the watershed system. 

An irrigation system improvement is one of the adaptation decisions, which not only affects 

agricultural water demand but also leads to changing crop patterns and irrigation expansion. To 

assess the effects of both water-saving technologies and changing cropping patterns on estimates 

of agricultural water demands, we developed an agent-based agricultural water demand (ABAD) 

model for the Bow River Basin (BRB) in Alberta, Canada. In comparison with traditional water 

demand models, which consider the role of humans through exogenous scenarios, the ABAD 

model attempts to endogenize the relationship between the human and the hydrological systems. 

The ABAD model revealed a mapping between the basin-scale rebound phenomenon and the 

socio-economic factors in individual farmers’ water conservation decisions, which can help 

understand the rebound phenomenon and possibly control it through future long-term water 

policies. Some of the conclusions and highlights of this study include: 

• The social interaction factor plays a crucial role in water demand when the farmers’ 

behavior is highly diverse in a society. The social interaction between farmers highly 

affects the adoption of technology, aligned with the previous study (L. A. Nicol et al., 2008; 

Ramirez, 2013), and it is an effective factor in the rebound phenomenon.  

• The irrigation expansion factor is highly important in water demand in BRB in which the 

heterogeneity in farmers’ behavior is not large. Consistent with previous studies (Berbel & 

Mateos, 2014; Graveline et al., 2014; Scheierling et al., 2006; Soto-García et al., 2013), 

this study suggests that irrigation expansion should be restricted to avoid the rebound 

phenomenon. However, this policy is completely contrary to the main targets of Alberta’s 
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Water for Life Program (Alberta Irrigation Projects Association (AIPA), 2015). Therefore, 

continuing the purpose of this target could lead to repeated occurrences of the rebound 

phenomenon. It is also worth mentioning that the irrigation expansion would not be a 

critical issue in wet years if the irrigated area decreases in dry years.    

• The conservation goal factor implies a significant role in any level of heterogeneity. This 

implies that farmers pay significant attention to the mentioned factors for agricultural water 

demand. However, the conservation program does not provide any guarantees to avoid the 

rebound phenomenon; this has also been supported by a previous study (Ward & Pulido-

Velazquez, 2008). 

This research has raised a few questions worthy of further research. In contrast to many universal 

laws in physics defined by straightforward mathematical equations, translating human decision-

making theories to mathematical equations requires assumptions on modeling details. This 

research used the theory of bounded rationality for simulating farmers’ decision making with 

certain assumptions on modeling conceptualizations. Future studies need to assess the structural 

sensitivity of the ABAD model. In other words, it is important to evaluate the model performance 

under the theory of bounded rationality compared to other social theories in the BRB. Moreover, 

further research is needed to collect more data on the socio-economic factors of the ABAD model 

for further model calibration and validation. We believe that socio-hydrological issues are place-

specific; therefore, developing a generalized model or transferable methods is not a straightforward 

task. However, As the ABAD model is built based on a general social theory (i.e., bounded 

rationality theory), applying this model to other case studies can be helpful for further comparative 

analysis and the contribution to a generalized model. This model can be integrated with water 

management models (e.g., MODSIM-DSS) to provide a better understanding of the role of water 

conservation policy in future long-term planning in the BRB. This research also investigated the 

feedback mechanism, which can lead to the agricultural rebound phenomenon. Regarding the issue 

of rebounding agricultural water demand, future studies could explore the most important socio-

economic factors in the rebound phenomenon in BRB and investigate how they co-evolve with a 

hydrological system over time, using sensitivity analysis and scenario analysis. Additionally, it 

could be investigated how this phenomenon can lead to a system collapse or tipping point in the 

future due to the limitation on water availability. Addressing these challenges can give us insights 

to decelerate the effect of rebounding water demand in this complex socio-hydrological system as 

this phenomenon occurred due to unintended water management consequences.  
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Chapter 3 

Peering into Agricultural Rebound Phenomenon Using a Global Sensitivity Analysis 

Approach 

This chapter is a slightly modified version of the following paper to increase its consistency with 

the body of the Thesis. References are unified at the end of the dissertation. 

Ghoreishi, M., Sheikholeslami, R., Elshorbagy, A., Razavi, S., & Belcher, K. (2021). Peering into 

agricultural rebound phenomenon using a global sensitivity analysis approach. Journal of 

Hydrology, 602, 126739. https://doi.org/10.1016/j.jhydrol.2021.126739 

 

Synopsis 

Modernizing traditional irrigation systems has long been recognized as a means to reduce water 

losses. However, empirical evidence shows that this practice may not necessarily reduce water use 

in the long run; in fact, in many cases, the converse is true—a concept known as the rebound 

phenomenon. This phenomenon is at the heart of a fundamental research gap in the explicit 

evaluation of co-evolutionary dynamics and interactions among socio-economic and hydrologic 

factors in agricultural systems. This gap calls for the application of systems-based methods to 

evaluate such dynamics. To address this gap, we use a previously developed Agent-Based 

Agricultural Water Demand (ABAD) model, applied to the Bow River Basin (BRB) in Canada. 

We perform a time-varying variance-based global sensitivity analysis (GSA) on the ABAD model 

to examine the individual effect of factors, as well as their joint effect, that may give rise to the 

rebound phenomenon in the BRB. Our results show that economic factors dominantly control 

possible rebounds. Although social interaction among farmers is found to be less influential than 

the irrigation expansion factor, its interaction effect with other factors becomes more important, 

indicating the highly interactive nature of the underlying socio-hydrological system. Based on the 

insights gained via GSA, we discuss several strategies, including community participation and 

water restrictions, that can be adopted to avoid the rebound phenomenon in irrigation systems. 

This study demonstrates that a time-varying variance-based GSA can provide a better 

understanding of the co-evolutionary dynamics of the socio-hydrological systems and can pave 

the way for better management of water resources.  

 

3.1 Introduction  

For many decades, switching to efficient irrigation systems (e.g., sprinklers) has attracted attention 

as a management option to make better use of water than traditional irrigation systems. However, 

empirical evidence shows that this reduction may motivate farmers to expand irrigated areas, 

which may in turn lead to an increase in water use (Berbel & Mateos, 2014; Berbel et al., 2014; 

Food and Agriculture Organization (FAO), 2017). In complex coupled human-natural systems, 

this concept is known as the rebound phenomenon. This phenomenon occurs when increasing 

technological efficiency, counter intuitively, leads to an overall increase in water use in the long 

term, a concept first observed in the field of energy as the Jevons’ paradox (Jevons, 1866).  

https://doi.org/10.1016/j.jhydrol.2021.126739
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The agricultural rebound phenomenon has attracted significant attention, with three general types 

of methods for its assessment: analytical models (e.g., Gómez & Pérez-Blanco, 2014; Huffaker, 

2008), hydro-economic models (e.g., Dagnino & Ward, 2012; Ward & Pulido-Velazquez, 2008), 

and statistical analyses (e.g., Lecina et al., 2010; Pfeiffer & Lin, 2014). However, little attention 

has been paid to the feedback loops between the human and hydrological systems, which can 

explain the agricultural rebound phenomenon. In understanding this phenomenon, socio-

hydrological models are useful because they focus on the co-evolutionary dynamics of social and 

hydrological systems, in which processes interact over different time scales (Sivapalan et al., 

2012a; Sivapalan & Blöschl, 2015). The coevolution of slow processes (e.g., upgrading irrigation 

systems) and fast processes (e.g., runoff) in a socio-hydrological system can result in emergent 

phenomena (e.g., the rebound phenomenon) in the long run (Sivapalan & Blöschl, 2015). Socio-

hydrological models capture the complexity of coevolving human-hydrological systems by 

updating both socio-economic and hydrological variables based on interactions between the human 

and the natural systems, using modeling approaches such as system dynamics (e.g., Di Baldassarre 

et al., 2013) and agent-based modeling (Ghoreishi et al., 2021). Understanding the co-evolutionary 

dynamics of social-hydrological systems can provide critical insights needed in policy-making to 

achieve sustainability (Iwanaga et al., 2021; Razavi et al., 2020). 

Ghoreishi et al. (2021) developed a socio-hydrological agent-based model (ABM), applied in the 

Bow River Basin (BRB) in Canada to examine the agricultural rebound phenomenon. Their model, 

called the agent-based agricultural water demand (ABAD) model, captures the dynamic behaviors 

of individual farmers in upgrading on-farm irrigation systems and/or changing crop patterns. The 

BRB is an important sub-basin of the Saskatchewan River Basin (SaskRB) which has faced water 

security issues in recent years (P Gober & Wheater, 2014; Wheater & Gober, 2013). According to 

the literature of Jevons’ paradox in agriculture (e.g., Berbel et al., 2014; Sears et al., 2018), when 

efficient irrigation systems reduce the marginal cost of irrigation and water use, a profit-

maximizing farmer may increase water use mainly by (1) expanding the irrigated area and/or (2) 

switching to high-value crops that are also more water-intensive. The ABAD model in the BRB 

embeds this mechanism to reproduce the rebound phenomenon (Ghoreishi et al., 2021). In 

addition, compared to the models that demonstrate the agricultural rebound phenomenon based on 

decisions driven by strictly economic incentives (e.g., Gómez & Pérez-Blanco, 2014), the ABAD 

model adopts an alternative structure in three ways (Ghoreishi et al., 2021). First, unlike models 

that are based on the assumption that humans maximize their benefits, or producers maximize 

profit, ABAD uses a “bounded rationality” decision structure whereby agents have imperfect 

knowledge of system relationships and values and are only able to seek satisficing solutions rather 

than optimal ones (Epstein, 1999; Gigerenzer & Selten, 2001; Simon, 1955). Second, most models 

in the literature have been constructed with economic decision-making rules driven by market-

based price incentives (e.g., Gómez & Pérez-Blanco, 2014; Huffaker, 2008), whereas the ABAD 

model includes economic and social factors (e.g., social interaction among farmers) influencing 

farmers’ decision-making. Third, as opposed to the conceptual or theoretical nature of many of the 
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available models (e.g., Huffaker, 2008), the ABAD model represented an empirical application 

and was tested in the BRB. 

Ghoreishi et al. (2021) investigated the essential socio-economic factors in farmers’ decision-

making for water demand, as well as the relationship between these factors and water demand 

dynamics. However, a major research question was unanswered in that work: how can we avoid 

the agricultural rebound phenomenon? Socio-hydrological modeling of different complex 

phenomena has advanced our understanding of coupled human-natural systems (Di Baldassarre et 

al., 2019). However, an explicit evaluation of the co-evolutionary dynamics and interactions 

among socioeconomic factors that would prevent problematic behavior, including the agricultural 

rebound phenomenon, is a fundamental research gap. This gap calls for the application of systems-

based methodologies that can attribute the systems-scale effect of individual factors and their 

interaction over the entire factor space.  

In this paper, we argue that time-varying global sensitivity analysis (GSA) (Razavi & Gupta, 

2019), as a powerful method for systems analysis, can unravel the extent to which different time-

varying dimensions of co-evolutionary dynamics influence the rebound phenomenon. 

Furthermore, this method identifies interactions among model factors (parameter interaction) and 

can reveal hidden behaviors of models and the underlying systems (Razavi et al., 2021; Saltelli et 

al., 2008; Sheikholeslami & Razavi, 2020). The concept of parameter interaction implies that 

independent factors influence the model response in a non-additive manner. It is noteworthy that 

computation and interpretation of the interactions among factors are nontrivial and challenging 

(Razavi & Gupta, 2015). As well, although various GSA methods (e.g., derivative-based and 

variance-based methods) use different philosophies to estimate parameter interactions, the 

variance-based method can provide a meaningful global estimation of interactions among model 

factors. 

Considerable literature has been published on the application of GSA to coupled human-natural 

systems with ABMs (e.g., Becu et al., 2003; Brown & Robinson, 2006; Burke et al., 2006; Li & 

Liu, 2007; Ligmann-Zielinska & Sun, 2010; Schlüter & Pahl-Wostl, 2007). Most of the previous 

studies used a time-invariant model output or an aggregated model output as a system response for 

sensitivity analysis (An et al., 2005; Becu et al., 2003; Schlüter & Pahl-Wostl, 2007). These 

aggregate system responses can lead to a loss of valuable information about the time-varying 

nature of the model behavior and cannot provide comprehensive insight into the co-evolutionary 

dynamics of the underlying system (Ligmann-Zielinska & Sun, 2010; Richiardi et al., 2006; 

Wagener et al., 2001). Alternatively, a time-varying GSA offers detailed information on how 

variability in model factors affects the dynamics of the model outputs (Gupta & Razavi, 2018; 

Ligmann-Zielinska & Sun, 2010; Razavi & Gupta, 2019). This type of analysis can deepen the 

understanding of the co-evolutionary dynamics of complex phenomena in water management, 

thus, providing insights into future water planning. However, interpretations of GSA results are 

constrained by the adopted models, which usually represent interactions between human and 

natural systems simply and imperfectly, although this simplicity is essential to model such 
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complex systems (Yasmina Elshafei et al., 2016). Thus, findings based on any model should be 

treated with caution before being generalized to the underlying real-world system for sustainable 

water management.  

The objective of this study is twofold: (1) to assess time-varying socio-economic factors that 

influence the agricultural rebound phenomenon; and (2) to explore ways to avoid the agricultural 

rebound phenomenon to support sustainable water management. For the first objective, we 

perform a time-varying GSA on the ABAD model, which can adequately represent the dynamics 

of agricultural water demand in response to farmers’ adaptation to drought (i.e., adopting sprinkler 

irrigation systems and changing crop patterns) in the BRB. This time-varying GSA on the ABAD 

model provides valuable information about the dynamical nature of the model behavior and 

comprehensive insights into the co-evolutionary dynamics of the underlying system. For the 

second objective, we use the results of the time-varying GSA and the gained insights to explore 

strategies to control the agricultural rebound phenomenon with the support of literature.  

 

3.2 Rebound Phenomenon in Agriculture 

Recent studies have demonstrated that the rebound phenomenon can emerge in the context of 

agricultural water use, using empirical evidence (Pfeiffer & Lin, 2014; Song et al., 2018) or 

theoretical research (Qureshi et al., 2010; Scheierling et al., 2006; Ward & Pulido-Velazquez, 

2008). Agricultural water use comprises (1) beneficial evapotranspiration, which improves crop 

production; (2) non-beneficial evaporation, in which water unnecessarily evaporates from wet bare 

soil or sprinkler system water; (3) non-recoverable runoff/percolation; and (4) recoverable 

runoff/percolation (Burt et al., 1997). Both recoverable and non-recoverable runoff/percolation, as 

well as part of the non-beneficial evaporation, can be reduced through improvements in irrigation 

systems. In this regard, the agricultural rebound phenomenon can be described as follows: 

Improving the efficiency of irrigation systems has generally been viewed as a 

means to reduce water losses. As a result, farmers adopt more efficient irrigation 

systems through government subsidies or self-financing, thus, decreasing water 

use. However, the saved water may, in turn, encourage farmers to increase their 

irrigated area or shift to more water-demanding crops, which in the long run can 

increase water use in a river basin.  

Two approaches have been used to assess the agricultural rebound phenomenon. A few studies 

have used price elasticity as a proxy to represent the rebound phenomenon as they suggested a 

close relationship between price elasticity and the dynamics of water demand (Carlos Mario 

Gómez et al., 2011; Song et al., 2018). The second method directly compares the agricultural water 

use before and after shifting to efficient irrigation systems (Lecina et al., 2010; Pfeiffer & Lin, 

2014; Song et al., 2018):  
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𝑅 =

𝑊𝐸 −𝑊𝑁

𝑊𝐸 −𝑊𝐼
 

 
(3.1) 

 

where R [-] is the agricultural rebound index, 𝑊𝐸 [MCM] is the expected water use after irrigation 

efficiency improvement, 𝑊𝑁 [MCM] is the new water use after irrigation efficiency improvement, 

and 𝑊𝐼 [MCM] is the initial water use before irrigation efficiency improvement. The agricultural 

rebound index is calculated over a time window. For example, considering 2002 as the reference 

year, the agricultural rebound indices in 2006 and 2010 represent water demand dynamics in the 

periods 2002-2006 and 2002-2010, respectively. From Eq. 1, a rebound (R) of say 0.3 represents 

that 30% of the expected water saving is offset by increased water use. The denominator in Eq.1 

is always negative in the sign. Inspired by the field of energy (Saunders, 2008), five conditions of 

interest can be realized in Eq.1:  

• Backfire (R>1): The new water use after irrigation efficiency improvement exceeds 

the initial water use before irrigation efficiency improvement (see the empirical 

evidence by Lecina et al. (2010) and Pfeiffer and Lin (2014)).  

• Full Rebound (R=1): The new water use after irrigation efficiency improvement 

equals the initial water use before irrigation efficiency improvement. 

• Partial Rebound (0<R<1): The new water use after irrigation efficiency improvement 

exceeds the expected water use through irrigation efficiency improvement. However, 

the new water use is still less than the initial water use (see the empirical evidence by 

Song et al. (2018)). 

• Zero Rebound (R=0): The new water use after irrigation efficiency improvement 

equals the expected water use through irrigation efficiency improvement. 

• Super-conservation (R<0): The new water use after irrigation efficiency improvement 

is less than the expected water use through irrigation efficiency improvement (see the 

empirical evidence by López-Gunn et al. (2012)). 

Figure 3.1 shows our conceptualization of the rebound phenomenon in agriculture by dividing it 

into four phases: (1) orientation phase, (2) ideal phase, (3) growth phase, and (4) backfire phase. 

In phase 1, governments generally introduce a conservation policy (e.g., technical assistance or 

financial incentives to adopt more efficient irrigation systems with a specific goal of water 

savings). In phase 2, the agricultural water use almost reaches the pre-determined purpose of the 

program (R~0). However, this ideal phase can be followed by the growth phase, an increase in 

agricultural water use due to several side effects (0≤R≤1). This pattern may finally lead to phase4; 

the backfire phase in which the new water use is even more than the initial water use (R≥1).  
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Figure 3.1 Different phases in the agricultural rebound phenomenon 

 

3.3 Methodology 

3.3.1 Description of the ABAD model in BRB  

The BRB is located in semi-arid southern Alberta, Canada. While the annual precipitation in the 

headwaters of this basin ranges from 500 to 700 millimeters, the low land areas of the basin, which 

include the City of Calgary, have an annual precipitation of 412 millimeters (Bow River Basin 

Council, 2010). Around 80% of Bow River water is provided by snowmelt from the Rocky 

Mountains, and the rest of the water source is from rain, groundwater, and glacial melt (Bow River 

Basin Council, 2010). Alberta is required to pass 50% of the natural annual flow to downstream 

based on the Master Agreement on Apportionment (Prairie Provinces Water Board, 1969). In 

2010, the agricultural sector accounted for 71% of total water allocation in the BRB (Bow River 

Basin Council, 2010). As the water source is fully allocated in the BRB, no new applications for 

water allocation are accepted (Alberta Queen’s Printer, 2000). 

The ABAD model consists of two submodels: the monthly water submodel and the yearly human 

submodel (see Table B.1 for a summary of the main equations, variables, and factors in the ABAD 

model). The water submodel of ABAD is a lumped monthly water demand model, which is based 

on the one developed by the United States Department of Agriculture (1970). This model accounts 

for the soil moisture and meteorological data.  The human submodel simulates the individual 

farmers as agents (2000 agents based on the BRB population). These agents make three decisions: 

adopting sprinkler systems, changing crops, and expanding irrigated areas. Agents switch from the 

flood to sprinkler irrigation systems to conserve water. Their second conservation decision is to 

change from forages to other crops that require less water. When agents save water through their 

water conservation decisions, they may expand their irrigated area to benefit from the full amount 

of their water license.  
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The agents make their decisions based on several socio-economic factors: conservation policy, 

future profits, past profits, risk-aversion, environmental protection, social interaction, and 

willingness to expand irrigation (Ghoreishi et al., 2021). The government defines conservation 

policy according to a given government budget and economic considerations. With the case study 

of BRB, for example, a water conservation target of 30% means that the government plans to 

reduce the water demand by 30% over a given period with an assumed policy instrument of 

financial support of the adoption of water-efficient irrigation technology. The future profits 

represent the expected gross margin per hectare through conservation. In addition to variable costs, 

agents consider the subsidies provided by the government to improve irrigation systems. The past 

profits follow the same idea, but it represents the agents’ memory from their past gross margins. 

Risk-aversion suggests the degree to which farmers deviate from their past decisions on water 

conservation. Environmental protection shows the extent to which agents conserve water in favor 

of the environment. Social interaction indicates the degree to which farmers’ decisions are affected 

by their neighbors. A willingness to expand irrigation suggests the degree to which an agent uses 

the saved water to expand irrigation. 

To make yearly decisions, agents use different weights for socio-economic factors. The weights 

show the relative importance of each factor for the agents’ conservation decisions. In the ABAD 

model, these weights are sampled from specified probability distributions (i.e., normal 

distributions), which represent the heterogeneity in a farming society in terms of farmers’ decision-

making processes. Following Ghoreishi et al. (2021), we used the ranges of the ABAD model 

factors shown in Table 3.1. This table shows the lower and upper bounds of means and standard 

deviations of the normal distributions corresponding to the specified socio-economic factors. The 

upper bound of the mean for yearly conservation goal (𝜇𝑐) is assigned based on the target in the 

Water for Life Program (i.e., 2% of the total irrigated area was targeted to be under the water 

conservation program on average each year) (Alberta Irrigation Projects Association, 2015). The 

mean for irrigation expansion is based on the historical data, while individual farmers can expand 

their irrigation above or below the historical records. Besides, a large boundary for standard 

deviations is defined. 

Table 3.1 The ranges of the ABAD model factors for sensitivity analysis 

Factors Description Lower Bound Upper Bound 

𝜇𝑟𝑎
 Mean of a normal distribution for the risk-

aversion factor 

0 1 

𝜇𝑝𝑝 Mean of a normal distribution for the past 

profit factor 

0 1 

𝜇𝑓𝑝 Mean of a normal distribution for the future 

profit factor 

0 1 

𝜇𝑒 Mean of a normal distribution for the 

environmental protection factor 

0 1 

𝜇𝑠 Mean of a normal distribution for the social 

interaction factor 

0 1 

𝜇𝑐  Mean of a normal distribution for the 

conservation policy factor 

0 0.02 



48 
 

𝜇𝑖𝑒 Mean of a normal distribution for the 

irrigation expansion factor 

0 0.005 

𝜎𝑟𝑎 Standard deviations of a normal distribution 

for the risk-aversion factor 

0 0.3 

𝜎𝑝𝑝 Standard deviations of a normal distribution 

for the past profit factor 

0 0.3 

𝜎𝑓𝑝 Standard deviations of a normal distribution 

for the future profit factor 

0 0.3 

𝜎𝑒 Standard deviations of a normal distribution 

for the environmental protection factor 

0 0.3 

𝜎𝑠 Standard deviations of a normal distribution 

for the social interaction factor 

0 0.3 

𝜎𝑐 Standard deviations of a normal distribution 

for the conservation policy factor 

0 0.01 

𝜎𝑖𝑒 Standard deviations of a normal distribution 

for the irrigation expansion factor 

0 0.01 

 

To test the ABAD model’s performance, Ghoreishi et al. (2s021) used a multi-objective approach 

for the calibration and validation process. The ABAD model was calibrated on two of its three 

outputs (i.e., water demand and irrigation system area) and validated on the other output (i.e., 

cropping patterns). Ghoreishi et al. (2021) indicated that the ABAD model showed a good model 

performance in simulating agricultural water demand in the BRB. Thus, this model is a good 

candidate for further analysis of the water demand dynamics and the BRB rebound phenomenon.  

3.3.2 Time-varying Variance-based GSA   

To improve the understanding of the co-evolutionary dynamics of the rebound phenomenon, we 

conducted a time-varying variance-based GSA on the ABAD model’s rebound index (R). While 

identifying the most influential model factors over time, we investigated the extent to which the 

interactions among the socio-economic factors are important in giving rise to the variability of the 

model response. The variance-based method is capable of exploring the interactions among model 

factors (Saltelli et al., 2008). For k model factors, the variance of the rebound index (V) can be 

decomposed by the following variance decomposition formula (Gómez‐Delgado & Tarantola, 

2006; Saisana et al., 2005): 

 

 𝑉 =∑𝑉𝑖
𝑖

+∑𝑉𝑖𝑗
𝑖<𝑗

+ ∑ 𝑉𝑖𝑗𝑚
𝑖<𝑗<𝑚

+⋯+ 𝑉12…𝑘 (3.2) 

 

where  𝑉𝑖 represents the portion of the rebound index variance that can be explained by varying an 

individual factor 𝑋𝑖. On the other hand, 𝑉𝑖𝑗 denotes the portion of the rebound index variance 

explained by the interaction between 𝑋𝑖 and 𝑋𝑗, and so on for higher-order interactions (𝑉𝑖𝑗𝑚, …). 
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Using the aforementioned variance decomposition, the first-order (main effect) (Si) and total-effect 

(interaction effect) (STi) indices (Sobol indices) for all model factors can be calculated as follows 

(Saltelli et al., 2008):  

 

 
𝑆𝑖 =

𝑉𝑖
𝑉
=
𝑉𝑋𝑖[𝐸𝑋−𝑖(𝑅|𝑋𝑖)]

𝑉(𝑅)
 

(3.3) 

 
𝑆𝑇𝑖 = 1 −

𝑉𝑋−𝑖[𝐸𝑋𝑖(𝑅|𝑋−𝑖)]

𝑉(𝑅)
= 𝑆𝑖 + 𝑆𝑖𝑗 + 𝑆𝑖𝑚 + 𝑆𝑖𝑗𝑚 +⋯+ 𝑆𝑖𝑗…𝑘 

(3.4) 

where 𝑆𝑖 is the fractional contribution of variability in factor i to V, independent of other model 

factors (k-1), 𝑆𝑇𝑖 is the overall contribution of a given model factor i, including its interaction with 

other model factors, 𝑋−𝑖 means all factors but 𝑋𝑖. Following the proposed formulations by Saltelli 

et al. (2008), we calculated the Sobol indices (𝑆𝑖 and 𝑆𝑇𝑖) and the interactions among model factors 

(𝑆𝑇𝑖 – 𝑆𝑖).  

The variance-based sensitivity indices defined in Eq. 3 and 4 can be interpreted as follows: a 

relatively high 𝑆𝑖 means that factor 𝑋𝑖 is individually influential on the variability of the rebound 

index. Importantly, the sum of 𝑆𝑖 (of all factors) represents the extent to which all model factors 

individually influence the rebound index, while the remaining one (1 − ∑ 𝑆𝑖
𝑘
𝑖=1 ) implies the degree 

to which the interaction among model factors influences the rebound index variability. Thus, if the 

sum of the first-order indices (𝑆𝑖) is close to one, it can be interpreted that the interaction effects 

likely play a limited role in the variability of the rebound index, and accordingly, the model 

response behaves in an additive manner. In other words, if the model response is additive, then the 

rebound index variation is the sum of the individual effects of factor variations. Conversely, 

quantifying a relatively high value of 𝑆𝑇𝑖 − 𝑆𝑖 means that the interaction of factor i with other 

model factors is highly influential on the rebound index variability.  

To conduct a time-varying variance-based GSA on the ABAD model’s rebound index, we 

performed the following procedure: 

• Step 1. Randomly generate n sample points from the feasible ranges of the model factors 

(Table 3.1). 

• Step 2. Run the ABAD model n times for the sampled model factors over the study period.  

• Step 3. Calculate the rebound index using Eq. 1 for every year of the ABAD model 

response. 

• Step 4. Estimate the variance-based sensitivity indices using Eq. 3 and 4 and obtain the 

time series of 𝑆𝑖 and 𝑆𝑇𝑖 
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• Step 5. Compute 𝑆𝑇𝑖 − 𝑆𝑖 to represent the interaction of model factor i of any order with 

every other factor.  

In this study, we used a pre-specified factor grouping strategy for the time-varying variance-based 

GSA (Table 3.2). This strategy helps reduce the dimensionality of the factor space to analyze the 

ABAD model and reduce the computational cost of the sensitivity analysis (Saltelli et al., 2008). 

Furthermore, it has been shown that grouping-enabled GSA can provide a better understanding of 

complex models by identifying dominant/influential groups of factors that significantly contribute 

to the variability in model outputs (e.g., Huo et al., 2019; Sheikholeslami et al., 2019). Therefore, 

because we intend to use the interpretations of the GSA results to explore the implications for 

sustainable water management, grouping model factors can possibly help policymakers to 

understand and use these factors to control the agricultural rebound phenomenon.  In the present 

study, we defined the first group as the economics group, which includes all monetary factors. For 

example, since the conservation policy factor in the ABAD model is based on a governmental 

budget and economic considerations, we included this factor in the economics group. The risk-

aversion factor can also be considered in the economics group based on past research (e.g., 

(Kulshreshtha & Brown, 1993)). Therefore, we classified the means of normal distributions 

corresponding to the past profits, future profits, risk-aversion, and conservation policy factors as 

the economics group. As well, we specified a heterogeneity group to represent the variability in 

the farmers’ decision-making regarding different socio-economic values. If all farmers make a 

decision in the same manner, the value of this group factor becomes zero. Otherwise, the more the 

farmers behave differently in decision-making, the higher the heterogeneity group’s value 

becomes. Therefore, standard deviations of all factors were included in the heterogeneity group. 

All other factors (i.e., social interaction, environmental protection, and irrigation expansion) were 

treated as individual factors for our analysis.  

 

Table 3.2 Groups of factors, their components, and descriptions for a time-varying variance-

based GSA on the ABAD model 

Group of Factors Description of Group Group Components 

Economics group 
Monetary values of farmers’ 

decision-making 

Mean of a normal distribution 

for past profit  

(𝜇𝑝𝑝) 

Mean of a normal distribution 

for future profit  

(𝜇𝑓𝑝) 

Mean of a normal distribution 

for risk-aversion  

(𝜇𝑟𝑎) 

Mean of a normal distribution 

for conservation policy  

(𝜇𝑐) 

Heterogeneity Group 
Variability in the farmers’ decision-

making 

Standard deviations of a normal 

distribution for the risk-
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aversion factor 

(𝜎𝑟𝑎) 

Standard deviations of a normal 

distribution for the past profit 

factor 

(𝜎𝑝𝑝) 

Standard deviations of a normal 

distribution for the future profit 

factor 

(𝜎𝑓𝑝) 

Standard deviations of a normal 

distribution for the 

environmental protection factor 

(𝜎𝑒) 

Standard deviations of a normal 

distribution for the social 

interaction factor 

(𝜎𝑠) 
Standard deviations of a normal 

distribution for the conservation 

policy factor 

(𝜎𝑐) 
Standard deviations of a normal 

distribution for the irrigation 

expansion factor 

(𝜎𝑖𝑒) 

 

Following Ghoreishi et al. (2021), we used the feasible parameter ranges of Table 3.1 and the 

Progressive Latin Hypercube Sampling (PLHS) strategy proposed by Sheikholeslami and Razavi 

(2017) to draw sample points from those ranges randomly. The PLHS strategy samples the factor 

space progressively and as uniformly as possible, thereby facilitating the evaluation of the stability 

and convergence of the GSA at each iteration. In this study, we generated 10 sub-samples with 

20,000 points (total sample size of 10*20,000 = 200,000). This multi-sampling sequential 

approach helped us monitor the convergence of the GSA results iteratively at each sub-sample and 

stop the algorithm when the desired level of stability was reached. To conduct the variance-based 

GSA, we considered the rebound index as the system response in the ABAD model, and we 

performed the analysis from 2002 to 2015, a period that includes multiple droughts in the BRB. 

The rebound index was dynamically calculated using an expanding window with the fixed initial 

water use (𝑊𝐼) in 2002 and new water use (𝑊𝑁) in each year. In this study, the expected water use 

(𝑊𝐸) is assumed to reduce by 30% of the initial water use (𝑊𝐼) from 2002 to 2015, based on 

Alberta Irrigation Projects Association (AIPA) (2015). 

 

3.4 Results 
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Figure 3.2 shows the envelope of the simulated rebound index for the sampled model factors in 

the BRB by the ABAD model, along with the time-varying variance-based GSA of the rebound 

index. Figure 3.2.a indicates how variability in model factors affects the dynamics of the rebound 

index from 2002 to 2015. The highly reduced rebound index in wet years (e.g., 2004 and 2010) 

shows the decreased agricultural water demand, compared to 2002, with the adoption of more 

efficient irrigation technologies in the BRB. Our time-varying GSA results show that the 

economics group, most of the time, is the most influential group among all other factors (or groups 

of factors), affecting the rebound phenomenon in the BRB (Figure 3.2b). Furthermore, the 

importance of this group indicates an upward trend over the simulation period, meaning that the 

economics group plays an increasingly important role over time (from 2002 to 2015) in the 

variability of the rebound phenomenon, compared to the other factors or groups of factors. We 

argue that the adoption of more efficient irrigation technologies improves the value of water as an 

economic good for farmers in the BRB; thus, the economic value of water becomes more important 

with time in farmers’ decision-making on water use.  

 

  

Figure 3.2 a) The envelope of the simulated rebound index for the sampled model factors by 

ABAD between 2002 and 2015, considering 2002 as the reference year, b) The first-order 

sensitivity indices (𝑆𝑖), c) The total-order effect indices (𝑆𝑇𝑖), and d) The factor rankings based 

on the total-order effect indices (1 is the most important factor, and 5 is the least important 

factor), and. These sensitivity indices were obtained using the time-varying variance-based GSA 

of the rebound index, considering the socio-economic factors and the pre-specified groups of 

factors in the BRB from 2002 to 2015. 

 

The results of the first-order effect (Figure 3.2b) also show that social interaction is a crucial factor 

in the rebound index; however, its importance declines over time. The downward trend shows that 

the neighbors’ conservation actions (i.e., adopting new irrigation systems and changing crop 

patterns) become less important in farmers’ decision-making about water use over time. 
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Accordingly, we attribute this pattern to the fact that when agents adequately learn about 

adaptation to drought from their neighbors, the effect of their interactions decreases over time. 

Figure 3.2b indicates that the environmental protection and the irrigation expansion factors stay at 

around 10% of the rebound index variability. However, the contribution of the irrigation expansion 

factor slightly increases over time, which shows that the role of this factor in the rebound index 

becomes increasingly influential over the long term. This finding indicates that the growing 

contribution of irrigation expansion to the rebound phenomenon is revealed in the long term. The 

heterogeneity group does not show any significant role in the rebound index in the BRB (Figure 

3.2b) and, thus, can be considered as the least influential factor. This result shows that farmers in 

the BRB make conservation decisions in the same manner; therefore, the heterogeneity of farmers’ 

decision-making does not play a significant role in the rebound phenomenon.         

Figures 3.2c and 3.2d depict the time-varying GSA results for the total-order effect sensitivity 

indices, as well as the associated factor ranking in the ABAD model. Compared to the results of 

the first-order effect (Figure 3.2b), the total-order effect shows the overall importance of the 

factors, including interactions with all other factors. Figure 3.2c shows that the contribution of the 

factor interactions does not change the overall trend in the results of the GSA. For example, the 

economics group remains the most important factor in the rebound phenomenon, considering its 

interactions with other factors over most of the simulation period (Figure 3.2d). In comparison to 

Figure 3.2b, what is interesting in Figures 3.2c and 3.2d is a decrease in the ranking of the irrigation 

expansion factor after including all factor interactions. However, the contribution of the social 

interaction factor increases, and this factor becomes more important in the rebound index with its 

parameter interaction (Figures 3.2c and 3.2d), compared to its individual effect (Figures 3.2b). We 

attribute this increasing role of social interaction to the fact that farmers are willing to learn more 

about their neighbors when they observe a considerable change in their neighbors’ benefits. 

Therefore, given the factor interactions, our results indicate that the interaction of some 

socioeconomic factors can significantly change the perception of their contributions to the rebound 

phenomenon, compared to their individual contributions.  

Moreover, our results of the time-varying GSA (Figure 3.2) demonstrate that conducting a GSA 

experiment based on an arbitrary snapshot of the (time-independent) model response is inadequate 

for factor prioritization and can contaminate the assessment of the sensitivities (Ligmann-Zielinska 

& Sun, 2010). For example, note how the ranking of socioeconomic factors changes over time in 

the ABAD model. As can be seen from Figure 3.2d, the ranking of the social interaction factor 

successively switches from one to three over the simulation time. This time-varying contribution 

of factors is a challenging issue for most ABMs due to the lack of adequate tools for the explicit 

evaluation of the ABM dynamics (Parker et al., 2003; Richiardi et al., 2006).   

Based on the method of variance-based GSA (Saltelli et al., 2008), one minus the sum of all first-

order sensitivity indices (1 − ∑ 𝑆𝑖
𝑘
𝑖=1 ) quantifies the extent to which the impact of factors in the 

ABAD model behaves in an non-additive manner – the larger this difference, the more interaction 

the factors exert. Figure 3.3 shows the degree of interactions of the ABAD model factors. This 

result reveals that around 20% of the rebound index variability (averaged over time) cannot be 

explained solely by the individual effect of the model factors, and that this variability is due to the 
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interactions among the socio-economic factors in the ABAD model. To further investigate the 

nature of the interactions, based on the Sobol method (Saltelli et al., 2008), Figure 3.4 shows the 

effect of factor interaction (𝑆𝑇𝑖 − 𝑆𝑖) on the rebound index. The factor interactions of the 

heterogeneity group and the irrigation expansion factor have limited contribution to the variability 

of the rebound phenomenon. On the other hand, the parameter interactions of the economics group, 

environmental protection, and the social interaction factors play a major role in the variability of 

the rebound index. The high parameter interaction of the economics group and social interaction 

suggests that the variability of the rebound index can increase through simultaneous changes on 

both the profits of irrigation and the social network. 

 

 

Figure 3.3 Interaction quantification of the ABAD model factors. 

 

Figure 3.4 The time-varying GSA with the factor interaction (𝑆𝑇𝑖 − 𝑆𝑖) on the rebound index 

considering the socio-economic factors and the pre-specified groups of the factors in the BRB for 

a representative period (2002-2015). 

 

As an alternative visualization tool, we plotted the trajectories of sensitivities for the ABAD model 

to better illustrate the relationship between first-order and total-order effects. Figure 3.5 shows the 

differences between the total-order effect and the first-order effect as a function of the first-order 
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effect over the period 2002–2015, with the squares and circles on each curve representing the years 

2002 and 2015, respectively. The 1:1 ratio between the parameter interaction and the first-order 

effect indicates that the contribution of the parameter interaction and the first-order effect to the 

total order-effect are equal. Therefore, factors with a large contribution of interaction effects would 

lie toward the top-left corner in Figure 3.5. For example, the environmental protection factor shows 

a large interaction effect in the rebound index, while the irrigation expansion factor shows only a 

small effect. Additionally, the social interaction factor shows a time-varying interaction effect in 

the rebound index.  

Among all socio-economic factors, the trajectories of sensitivities for the social interaction factor 

and the economics group exhibit a large variability, as shown in Figure 3.5. This large variability 

indicates that the magnitude of sensitivity indices (i.e., factor importance) for these factors is 

highly changeable from 2002 to 2015, and, thus, time-varying GSA is highly beneficial for 

understanding the impact of these factors on the rebound index. In addition, as shown in Figure 

3.5, the trajectories of sensitives for the social interaction factor and the economics group reveal 

regular patterns over time: the first-order effect increases for the economics group but decreases 

for the social interaction factor. However, there is no clear pattern for trajectories of sensitivities 

for other factors. In particular, the heterogeneity and irrigation expansion factors have a very 

irregular pattern. It is also noticeable that the trajectory of sensitivity for the environmental 

protection factor shows a nearly closed orbit, suggesting a somewhat circular pattern. This pattern 

occurs because the environmental protection factor makes the same contribution to the beginning 

of the simulation period (a square in Figure 3.5) and in the final year (a circle in Figure 3.5) of the 

analysis. In other words, the sensitivity indices in 2015 are approximately equal to the indices in 

2002. 

 

 Figure 3.5 The difference between the total-order effect and the first-order effect (𝑆𝑇𝑖 − 𝑆𝑖) in 

the y-axis as a function of the first-order effect (𝑆𝑖) in the x-axis, using the time-varying GSA on 
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the rebound index considering socio-economic factors and the pre-specified groups of the factors 

in the BRB for a representative period (2002–2015). Each curve corresponds to the time 

evolution of a factor’s sensitivity index. The square and circle on each curve represent the years 

2002 and 2015, respectively. 

 

3.5 Discussion 

3.5.1 Are the GSA Results consistent with empirical evidence? 

We investigated the literature to support the GSA results, mainly from socio-economic data and 

previous studies on the rebound phenomenon. As shown in Figure 3.2, we argued that the growing 

economic value of water improves the economic group’s contribution to the rebound phenomenon. 

Indeed, as farmers adopt efficient irrigation systems, they are able to irrigate more profitable crops, 

which are often more water-dependent (e.g., specialty crops). Therefore, economic productivity 

(i.e., gross margin per hectare) increases, leading to an increasing reliance on irrigation from an 

economic perspective. This issue is considered in the ABAD model as individual farmers adopt 

more profitable crops by comparing the economic productivity of forage and that of other crops. 

The observed data in the Canadian province of Alberta can support our GSA findings and our 

argument about the economic value of water. According to past studies (Kulshreshtha & Brown, 

1993, 1994; Nicol et al., 2008), from individual farmers’ perspective, high-tech irrigation systems 

enable them to obtain higher yields, expand their irrigation, and switch to higher-value crops, all 

of which increase agricultural benefits and might motivate farmers to withdraw more water. As 

well, global evidence from the Food and Agriculture Organization (FAO, 2017) suggests that the 

availability of high-tech irrigation systems convinces farmers that irrigation secures higher profits 

over time; thus, this perception may result in an increase in water use in the long term. This local 

and global evidence supports the notion that the economics group increases in importance over 

time.  

The GSA results show that irrigation expansion plays a less significant role in the short term 

compared to the long term. This finding is supported by both empirical evidence (Berbel et al., 

2014; Food and Agriculture Organization (FAO), 2017) and theoretical research (Berbel & 

Mateos, 2014; Huffaker, 2008; Pfeiffer & Lin, 2014; Ward & Pulido-Velazquez, 2008), indicating 

that irrigation expansion is more influential in the long-term in the agricultural rebound 

phenomenon in response to improvements in irrigation systems. In other words, irrigation 

expansion is a gradual process as farmers want to ensure they have saved enough water to expand 

their irrigation. Also, the cost of irrigation expansion limits farmers from short-term responses to 

available water.  

The GSA results reveal that the individual effect of social interaction in the rebound phenomenon 

is not as high as that of irrigation expansion, which aligns with the findings based on local 

interviews (Kulshreshtha & Brown, 1994). These interviews implied that the contribution of the 

irrigation expansion is more than that of the farmers’ neighbors (social interaction) to the water 

use. However, the total effect of social interaction becomes more important than irrigation 

expansion due to the high factor interactions.  
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3.5.2 How Can the GSA Results Inspire Sustainable Water Management? 

It is widely accepted that improving irrigation systems has certain benefits: the saving of labor, the 

more precise application of chemicals and fertilizers, and the potential to switch to higher-value 

crops (FAO, 2017). However, this improvement can conflict with sustainable development goals 

if it gives rise to an increase in water use (Di Baldassarre et al., 2019). Our GSA results reveal that 

the economics group is the most important factor in the rebound phenomenon, with an increasing 

role over time. Crop value has a direct influence on the economic functions of the ABAD model, 

motivating farmers to switch to high-value crops. The literature on agricultural rebound has shown 

that the rebound phenomenon is more likely to happen in areas where high-value crops are also 

more water-intensive crops with high-tech irrigation systems enabling farmers to make an 

economic decision to produce these higher-value crops (Berbel et al., 2014; Food and Agriculture 

Organization (FAO), 2017). Thus, the adoption of water-intensive crops will affect the water 

demand dynamics, which may lead to the rebound phenomenon.  

Previous studies have indicated that farmers’ interactions and the associated increase in social 

capital can be a means to achieve an effective collective action (the action taken by a group of 

people for shared interest) to mitigate the rebound phenomenon (Dessart et al., 2019; Ferraro et 

al., 2011). Effective collective actions could be enhanced by community participation and raising 

awareness through formal channels to inform an individual farmer of the average water use in their 

community. Collective actions can control the rebound phenomenon by enabling farmers to 

compare their water use with that of their neighbors, which may be an effective strategy in reducing 

water use (e.g., Dessart et al., 2019; Le Coent et al., 2017). Le Coent et al. (2017) showed that 

farmers with high water use could be motivated to reduce their water use when they compared 

their own water use with the average water use of their neighbors. Additionally, our analysis of 

the ABAD model identified social interaction as the second most important factor. In the ABAD 

model, the degree to which the farmers’ network is connected influences the effectiveness of the 

collective action. Therefore, raising farmers’ awareness through formal channels will affect this 

connectedness, leading to a change in the dynamics of the rebound phenomenon. 

The literature on the agricultural rebound has shown the important influence of irrigation 

expansion on the rebound phenomenon (Berbel & Mateos, 2014; Berbel et al., 2014; FAO, 2017). 

Our GSA results also confirm that irrigation expansion increases the rebound phenomenon in the 

long term. Jurisdictions often support irrigation expansion because it can result in economic 

growth. For example, economic prosperity was a key goal of Alberta’s Water for Life program 

(Alberta Irrigation Projects Association (AIPA), 2015). However, from a sustainable development 

perspective, improving irrigation efficiency along with irrigation expansion in the BRB is likely 

to result in the rebound phenomenon (i.e., the backfire phase in Figure 3.1), as the irrigation 

expansion is introduced as one cause of the rebound phenomenon in its literature (Berbel et al., 

2014; Sears et al., 2018). To prevent the rebound phenomenon, improvements in irrigation systems 

could be accompanied by restrictions to irrigated areas. Using the ABAD model, it is possible to 

determine the effect of irrigation restrictions on the rebound phenomenon as it explicitly simulates 

the effects of farmers’ decisions. Aligning with previous studies (Berbel & Mateos, 2014; Berbel 



58 
 

et al., 2014), another strategy to avoid the rebound phenomenon could be to reassign water 

allocations to reduce farmers’ water rights (Marston & Cai, 2016). As the ABAD model includes 

crop yields in the economic functions of individual farmers, any reassigned water allocations 

would affect the dynamics of water use and then the rebound phenomenon. It is worth mentioning 

that such regulatory controls should be carefully monitored as they may raise incentives to infringe 

the regulations.    

Finally, what are the implications of the quantified interaction effects for decision-makers? Our 

results show that a few factors (e.g., irrigation expansion and heterogeneity) have a small 

interaction effect on the variability of the rebound index, while other factors (e.g., social 

interaction) have a relatively large interaction effect. From the decision-makers’ point of view, a 

model parameter with a large interaction effect should not be individually considered in the 

decision-making process; thus, such a factor should be comprehensively considered along with the 

model’s other socio-economic factors. On the other hand, factors with small interaction effects can 

be considered individually by decision-makers; one at a time. For example, policymakers could 

design a strategy related to irrigation expansion (e.g., introduce incentives to limit expansion) 

independently, as the interaction effect of this factor has a limited contribution to the rebound 

index. However, to control the rebound phenomenon, any strategies related to the social interaction 

factor (e.g., raising farmers’ awareness through formal channels such as an extension or technical 

assistance measures) should be accompanied by strategies associated with economic factors (e.g., 

governmental support for irrigating crops with low water requirements), as the economic group 

and the social interaction factor have parameter interactions. 

 

3.6 Conclusion 

The improvement of irrigation systems has been traditionally identified as a means to enhance 

resilience to drought in agriculture. However, evidence from across the globe reveals that such 

improvements may not lead to the expected reduction in water use, which may, paradoxically, 

even increase—a concept known as the rebound phenomenon. Sustainable water management 

requires a good understanding of both the co-evolutionary dynamics of the coupled human-natural 

systems and the influential socio-economic factors in the agricultural rebound phenomenon. To 

achieve this purpose, we used a previously developed Agent-based Agricultural Water Demand 

(ABAD) model, which captures the rebound phenomenon in the Bow River Basin (BRB), Alberta, 

Canada. Based on the time-varying variance-based Global Sensitivity Analysis (GSA) that we 

performed on the ABAD model, the main conclusions of this study include the following:   

 

• Time-varying GSA provides a better understanding of the co-evolutionary dynamics of 

the coupled human-natural systems, as opposed to most GSA applications on ABMs, 

which use the time-independent, final state of the model output. 

• The economics group is the most influential factor in the agricultural rebound 

phenomenon in the BRB, with an upward trend over time (i.e., increasing importance). 
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This study suggests generating new breeds of high value-crops with relatively less 

water need. 

• Our GSA results revealed that the social interaction factor had a high total-effect on the 

rebound phenomenon in the BRB. We highlighted the significant role of community 

participation as a strategy to improve community awareness and avoid the rebound 

phenomenon. Considering the high value of parameter interaction for the social 

interaction factor, this study suggests that any strategies related to the social interaction 

factor should be followed by other strategies associated with the economic group to 

control the rebound phenomenon.  

• In the BRB, the irrigation expansion factor plays a vital role in the rebound 

phenomenon in the long term. We proposed and discussed how restrictions on irrigated 

areas and farmers’ water rights could prevent individual farmers from over-using their 

saved water, thus, in turn, preventing the rebound phenomenon. 

We acknowledge that these interpretations of the results are constrained by the structure, 

assumptions, and simplifications of the ABAD model. While the ABAD model simulates the 

agricultural water demand dynamics over a relatively short time period,  the length of this period 

is comparable to most previous studies on the rebound phenomenon, and it captures the years 

before and after several droughts in a river basin (Berbel et al., 2014). The ABAD model uses a 

lumped water submodel, which is a limitation of this study. Despite the limitation, the primary 

findings of this study are broadly consistent with the literature on the rebound phenomenon and 

water management (e.g., Berbel & Mateos, 2014; Berbel et al., 2014; Food and Agriculture 

Organization, 2017). This study shows that the time-varying variance-based GSA analysis can 

pave the way for developing a method that explicitly evaluates co-evolutionary dynamics in a 

socio-hydrological model for better management of water resources. 
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Chapter 4 

Cooperation in a Transboundary River Basin: a Large Scale Socio-hydrological Model of 

the Eastern Nile 

This chapter has been written in manuscript style. References are unified at the end of the 

dissertation. A slightly modified version of this chapter will be submitted to an international 

peer-reviewed journal for possible publication.  

 

Synopsis 

Managing transboundary rivers is a complex issue due to the coevolutionary behavior of 

hydrological and human systems that may lead to conflict and cooperation among riparian 

countries. The conflict -and-cooperation phenomena in transboundary rivers have been widely 

studied in different contexts (e.g., resolving conflicts, analyzing C&C, and investigating influential 

factors in C&C). However, an important issue is to investigate the feedback mechanisms that 

explain how conflict and cooperation co-evolve with the water resources and socio-economic 

conditions in a transboundary river. This study develops a model to quantify and simulate the 

riparian countries’ willingness to cooperate in the Eastern Nile River Basin, where Ethiopia, 

Sudan, and Egypt are located, from 1983 to 2016. Our results show that relative political stability 

and foreign direct investment can explain Ethiopia’s decreasing willingness to cooperate within 

the basin between 2009 and 2016. Our modeling results suggest that a very low value of 

willingness to cooperate can lead to “free rider” behavior, where riparian countries focus more on 

unilateral projects than on multilateral ones. Further, we show that the 2008 food crisis may 

account for Sudan recovering its willingness to cooperate with Ethiopia. Our results also show that 

a long-term lack of trust among the riparian countries may have reduced basin-wide cooperation. 

This research ultimately proposes a socio-hydrological framework, indicating how fully coupling 

the developed model with a water resources model can enable future research to explore the 

evolution of cooperation pathways among the riparian countries affected by changing dam 

operation in the future and reveal the actions that may fuel conflict in the basin. 

 

4.1 Introduction 

There exist more than 250 international transboundary rivers worldwide, accounting for about 60% 

of the world’s freshwater (United Nations Environment Programme, 2002). Managing 

transboundary rivers is a complex issue as riparian countries with different socio-economic 

statuses and interests share water resources; their decisions about water affect other countries. The 

contested use of these shared water resources can lead to fierce disputes and even water wars (Wolf 

et al., 2003; Zeitoun & Mirumachi, 2008).  
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The complexity of transboundary rivers partly arises from the coevolutionary behavior of 

hydrological and human systems (Lu et al., 2021; Sivapalan & Blöschl, 2015; Wei et al., 2019). 

To depict socio-hydrological factors involved with a transboundary river system, Zeitoun and 

Warner (2006) developed a qualitative conceptual framework of hydro-hegemony (i.e., hegemony 

at a river basin as a result of either a riparian’s position or historical water rights). In general, 

upstream countries have superior power over water due to their riparian position. In upstream 

countries, water management decisions (e.g., operating rules and dam construction) affect 

streamflow, resulting in socio-economic benefits for different sectors, such as agriculture and 

industry. However, these water management decisions might influence the streamflow 

downstream, which can motivate downstream countries to negotiate with upstream countries to 

increase socio-economic benefits (Nicol & Cascão, 2011). The negotiations between countries can 

lead to different levels of cooperation (e.g., a treaty signed by riparian countries) (Zeitoun & 

Mirumachi, 2008), which in turn can change water use and/or dam operating rules or result in dam 

construction along the river basin (Cascão, 2009).  

Conflict and cooperation (C&C) in transboundary water resources have been widely investigated 

in different contexts. Studies include those focused on resolving conflicts (e.g., Madani et al., 

2014; Rogers, 1969; Zarezadeh et al., 2012), analyzing C&C (e.g., Mirumachi & Van Wyk, 2010; 

Wolf, 2007; Wolf et al., 2003), and investigating influential factors in C&C (e.g., Dinar et al., 

2010; Zeitoun et al., 2011). However, most previous studies on transboundary rivers have treated 

C&C as scenarios (i.e., external variables of an underlying system): investigating how C&C as 

boundary conditions influence the water resources and socio-economic conditions of riparian 

countries. Recently, socio-hydrology researchers have paid increasing attention to the C&C 

dynamics in transboundary rivers due to co-evolution of social and hydrological systems (Di 

Baldassarre et al., 2019; Lu et al., 2021; Wei et al., 2019). Unlike most previous research, studies 

based on socio-hydrological models treat cooperation as an internal variable that can co-evolve 

with hydrological and socio-economic variables in a transboundary river system (Lu et al., 2021). 

From this perspective, an important question in socio-hydrology research arises about why C&C 

dynamics emerge in a socio-hydrological system and how these dynamics evolve over time 

because of complex interactions of hydrological, socio-economic, and political factors (Di 

Baldassarre et al., 2019). The ambitious goal of transboundary socio-hydrology research is to 

provide opportunities to avoid conflicts in transboundary rivers (Wei et al., 2019).  

As a transboundary river, the Nile River Basin has a long history of cooperation and conflict 

(Cascão, 2009; Nicol & Cascão, 2011). Water conflicts are more severe in the Eastern Nile Basin 

(ENB), where Ethiopia, Sudan, and Egypt are located, due to the water scarcity and disagreements 

over the use of the Eastern Nile water. A recent dispute arose when Ethiopia announced the Grand 

Ethiopian Renaissance Dam (GERD) construction in 2011, which would impact the hydrological 

regime in the ENB. Because Sudan lacks any multi-year water storage facility, a regular pattern of 

monthly flow is important for the water requirements of its municipalities, industry, and agriculture 

(Abdul Latif Jameel Water and Food Systems Lab, 2014). However, Egypt is more concerned 

about the annual inflow volume to the Aswan High Dam (AHD), as the AHD has a large storage 

capacity and can buffer seasonal fluctuations (Abdul Latif Jameel Water and Food Systems Lab, 
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2014). Thus, Egypt and Sudan, as the downstream countries, have several concerns about the 

impacts of GERD that might occur during both the filling and the operation phases of the dam.  

Many studies on the Nile River Basin have addressed the trade-offs among riparian interests and 

analyzed potential developments in the basin (Arjoon et al., 2014; Block & Strzepek, 2010; Digna 

et al., 2018; Geressu & Harou, 2015; Jeuland & Whittington, 2014; Kahsay et al., 2015; Nigatu & 

Dinar, 2016; Sangiorgio & Guariso, 2018; Strzepek et al., 2008; Wheeler et al., 2018, 2020, 2016). 

In general, these studies are either based on multi-objective optimization (Geressu & Harou, 2015; 

Wheeler et al., 2018), which seeks to quantify trade-offs among a variety of interests in an optimal 

setting, or scenario analyses (Mulat & Moges, 2014a; Wheeler et al., 2016), which assess potential 

alternatives for basin management. These studies have provided valuable insights into the Nile 

River Basin; however, like many other studies of transboundary rivers (e.g., Gandolfi & Togni, 

1997; Giuliani & Castelletti, 2013), they treated C&C as boundary conditions. An important issue 

is to assess how dam operations/constructions affect the downstream countries from a socio-

hydrology modeling perspective. Treating cooperation as an internal variable that can co-evolve 

with hydrological and socio-economic variables, this assessment is complex because as the 

impacts of water management decisions become more severe, riparian countries become more alert 

to react. In other words, the severity of the impacts and riparian behavior co-evolve. Socio-

hydrological modeling of co-evolutionary behavior can be used to reveal how C&C dynamics 

emerge in the Eastern Nile River Basin as the behavior of hydrological and socio-political systems 

co-evolve. Socio-hydrological models can be used to investigate basin-wide cooperation 

opportunities and highlight actions and events leading to conflict. However, unlike the validation 

process in hydrological models in which good sources of data might be available, validating 

transboundary socio-hydrological models is complicated because quantitative data on cooperative 

events are sparse (Lu et al., 2021). 

This study aims to quantify and simulate the riparian countries’ willingness to cooperate in the 

ENB and thus, to view the basin-wide cooperation dynamics as a problem that is hypothesized to 

arise due to the interaction of hydrological and socio-political factors. By developing a socio-

hydrological model, we provide an explanation of how hydrological and socio-political factors led 

to cooperation in the ENB from 1983 to 2016. This simulation is followed by model validation 

based on qualitative data and narratives in the basin. However, we acknowledge that our results 

and interpretations are constrained by the model’s conceptualization and assumptions. We 

ultimately propose a transboundary framework that indicates how our developed model can be 

fully coupled with a water resources model, in future work, to provide a comprehensive socio-

hydrological decision aid tool for the ENB. This framework can highlight actions leading to 

potential conflict in the ENB (i.e., when the riparian countries are not willing to cooperate and act 

independently to maximize their benefits), enabling policymakers to explore the evolution of 

cooperation pathways among the riparian countries affected by the GERD operation. 

 

4.2 Historical Events of Conflict and Cooperation in the Nile River Basin – Case study 
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With a main stem of 6,695 km, the Nile River is the longest transboundary river in the world. This 

river basin is shared among 11 countries: Tanzania, Uganda, Rwanda, Burundi, The Democratic 

Republic of the Congo, Kenya, Ethiopia, Eritrea, South Sudan, Sudan, and Egypt. The river has 

two main tributaries, the White Nile and the Blue Nile (Abay) (Figure 4.1), each with distinct 

hydrologic regimes. These tributaries join at Khartoum, whose annual rainfall is under 300 

millimeters (Nile Basin Initiative (NBI), 2012). The ENB (Figure 4.1), covering the Blue Nile, 

Atbara (Tekezze), and the Baro Rivers, contributes 85–90% of the Nile River water flowing into 

Egypt with high seasonality; the White Nile contributes 10–15% of the water with a steady 

streamflow.  

 

Figure 4.1 The Nile River Basin with a particular focus on the three riparian countries of Egypt, 

Sudan, and Ethiopia 

Figure 4.2 indicates the main cooperation and conflict events from 1959 to 2020 among the riparian 

countries in the Nile River Basin. Under the 1959 treaty, Egypt and Sudan agreed on the use of the 

Nile River—an agreement that excluded Ethiopia (Food and Agriculture Organization, 1959) and 

other riparian countries. This agreement was followed by the construction of the Roseires Dam 

and the AHD in 1966 and 1970, respectively (Food and Agriculture Organization, 1959) (Figure 

4.1). The 1968–1973 drought and food security issue in Ethiopia heightened awareness among 

Ethiopians of the importance of the Nile water and the need to negotiate with the other riparian 

countries (Nicol & Cascão, 2011). In 1983, several countries in the basin formed the Undugu group 

to achieve regional cooperation, but Kenya, Tanzania, and Ethiopia joined only as observers 

(Kagwanja, 2007; Seide, 2014). In addition to the Undugu project, the riparian countries formed 

the Technical Cooperation Commission for the Promotion and Development of the Nile 
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(TECCONILE) in December 1992 to pave the way for the guidelines for the Nile Basin Initiative 

(NBI) (Kagwanja, 2007; Seide, 2014). Signed in 1999 by nine countries—Egypt, Sudan, Ethiopia, 

Uganda, Kenya, Tanzania, Burundi, Rwanda, and the Democratic Republic of Congo—the NBI 

was intended “to achieve sustainable socio-economic development through the equitable 

utilization of and benefits from the shared Nile Basin water resources” (NBI, 2019). This 

partnership was followed by an agreement named the Joint Multipurpose Project (JMP) in 2003 

for widespread economic improvements along the river basin.  

 

Figure 4.2 Timeline of conflict and cooperation events and water management actions in the Nile 

River Basin, with a particular focus on the three riparian countries of Egypt, Sudan, and Ethiopia 

However, the cooperative agreements did not prevent countries from making unilateral 

developments (Cascão, 2009; Nicol & Cascão, 2011). The irrigated areas extended rapidly in 

Egypt with significant foreign investments. In 2005, Egypt also launched an important part of the 

Toshka project (Nicol & Cascão, 2011), transferring water to irrigate a part of the Western Desert 

of Egypt to expand the agricultural area. Ethiopia launched the Tekeze Dam, with a capacity of 9. 

3x109 m3, on the Atbara River in 2009 (Figure 4.1), improving its hydropower generation (Cascão, 

2009). Sudan completed and opened the Merowe Dam, with a capacity of 12.5x109 m3, on the 

main Nile River (Figure 4.1), increasing the country’s hydropower capacity (Cascão, 2009). It is 

worth mentioning that the Tekeze Dam and the Merowe Dam were built for single-purpose 

hydropower generation, as opposed to the Roseires Dam and the AHD that were designed as multi-

purpose reservoirs. 
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Although the countries’ negotiations on several agreements passed through many different stages, 

and a Cooperative Framework Agreement (CFA) was going to be reached, representatives from 

Sudan and Egypt expressed strong disagreement about a part of this agreement because they were 

concerned about possible negative impacts on their historical water rights. Their objections led to 

a negotiation deadlock in 2007 (See Article 14b in the Annex of CFA (2010)). This impasse 

weakened the high expectations for the JMP and resulted in a stalemate in 2009. Despite attempts 

to bring Egypt back to the negotiation table, efforts were unsuccessful. Afterward, the upstream 

countries without Burundi, the Democratic Republic of Congo, Sudan, and Egypt reached a CFA 

in 2010 for further cooperation. However, as a two-thirds majority of all riparian countries was 

required, the agreement was not ratified. As a reaction to CFA, Sudan and Egypt froze all their 

participation in the NBI (Nicol & Cascão, 2011). Also, Egypt convinced Burundi and the 

Democratic Republic of Congo not to sign the agreement (Nicol & Cascão, 2011).  

Between 2010 and 2012, the Arab Spring became a game changer, creating political upheaval in 

Egypt (Knaepen & Byiers, 2017; Salman, 2013). Meanwhile, the global food crisis of 2008 and 

South Sudan’s independence from Sudan in 2011 convinced Sudan to refocus on the agricultural 

sector, for which it received foreign investments between 2008 and 2012. To proceed with an 

ambitious agricultural improvement plan, Sudan started raising the height of the Roseires Dam in 

2010, and the country rejoined the NBI in 2012 (Cascão & Nicol, 2016; Nicol & Cascão, 2011). 

Given the new situation in the basin, as well as the substantial foreign investments and improved 

political stability in Ethiopia, this country announced the construction of GERD, with a total 

storage capacity of 74 km3, which could pose a potential water threat to Egypt and possibly to 

Sudan (Cascão & Nicol, 2016). Although the JMP did not continue because financial support was 

reduced, the negotiations were ongoing among Egypt, Sudan, and Ethiopia, as Egypt considers 

GERD an existential water threat. These ongoing negotiations convinced Egypt, Sudan, and 

Ethiopia to sign a declaration in 2015 on GERD (Agreement on Declaration of Principles between 

Egypt, Ethiopia, and Sudan, 2015). According to this agreement, Ethiopia, Sudan, and Egypt will 

agree on a guideline of GERD operation and filling phases; however, the dam owner may adjust 

the rules from time to time while informing downstream countries of the situation leading to this 

adjustment. Since then, growing concerns about the negative impacts of GERD filling and 

operation phases on the downstream countries have heightened disagreements among Egypt, 

Sudan, and Ethiopia (Abdul Latif Jameel Water and Food Systems Lab, 2014; Kahsay et al., 2017; 

Mulat & Moges, 2014b; Wheeler, 2017). 

However, there is strong belief in the region that the riparian countries can overcome any problems 

if they agree on cooperation policies for filling and operating GERD (e.g., Whittington et al., 

2014). For designing these cooperation policies, each country’s strengths in water availability, 

agriculture, and hydropower will be of interest. Ethiopia’s strengths lie mainly in its position. The 

country contains the headwaters of the ENB, covering the Blue Nile, Atbara (Tekezze), and Baro, 

with a contribution of 85–90% to the Nile River water flowing into Egypt (NBI, 2012). According 

to NBI (2012), Ethiopia is also strong when it comes to hydropower potential, with 1,946 MW of 

existing capacity and 15,409 MW of potential capacity compared with Sudan’s 3,280 MW 

potential capacity, and Egypt’s 2,800 MW potential capacity. Sudan’s strengths lie mainly with its 

agriculture. Of the 33.2 million ha of rainfed agriculture in the Nile Basin, 45% (14.7 million ha) 



66 
 

is located in Sudan (NBI, 2016). Although low rainfall prevents Egypt from rainfed farming (NBI, 

2016), the country’s strengths lie with irrigation. The country has the largest irrigated crop area in 

the Nile Basin, with 3.45 million ha. Crop yields in Egypt are therefore much higher than those in 

the other Nile countries, including Sudan and Ethiopia: yields in the Nile countries are generally 

only one-sixth to one-half of the yields in Egypt (NBI, 2012). Also, the average annual potential 

evapotranspiration of Ethiopia is around one-half of that of Egypt; thus, hydrologically, Ethiopia 

is a better location for dam constructions than Egypt (NBI, 2012).    

 

4.3 Method 

We first identify the contributing socio-hydrological factors in the C&C dynamics in the ENB. 

This identification is verified by the qualitative and quantitative literature on the ENB as well as 

the literature on transboundary rivers. Based on these socio-hydrological factors, we conceptualize 

the key feedback loops between the hydrological and social systems in the ENB, using systems 

thinking to reveal the causes, effects, and relations in a system (Ford & Ford, 1999). Finally, using 

the conceptualized model, we develop a socio-hydrological model to quantify and simulate the 

riparian countries’ willingness to cooperate in the ENB and thus, to simulate the basin-wide 

cooperation dynamics. 

 

4.3.1 Contributing socio-hydrological factors in the conflict and cooperation phenomenon 

Based on the literature on the Nile River Basin and other international transboundary rivers, we 

proposed a list of the contributory factors in the riparian countries’ willingness to cooperate in the 

ENB, as our ENB system conceptualization. In this study, the countries’ willingness to cooperate 

is proposed as an indicator of how likely they are to change their dam operations or build a 

reservoir for multilateral projects. The countries’ willingness to cooperate ultimately creates the 

dynamics of the basin-wide C&C.    

 

4.3.1.1 Political stability  

Political stability has been recognized as an important factor in countries’ willingness to cooperate 

in decisions about transboundary rivers (Zeitoun & Warner, 2006; Zeitoun et al., 2017) and the 

Nile River Basin (Cascão, 2009; Di Nunzio, 2013). A country’s political stability index represents 

indicators of political stability, such as government stability and the presence of protest or civil 

war (Worldwide Governance Indicators, 2021). The annual political stability index is calculated 

by Worldwide Governance Indicators (2021) with a composite measure of several representative 

factors (See Table C.1 in the appendix for more information). 

The importance of political stability in the Nile River Basin can also be reflected in quantitative 

data. Figure 4.3 shows the effect of the Arab Spring on Egypt’s political stability in 2011 and in 

the years following. After 2010, Egypt’s political stability dramatically declined, paving the way 

for Ethiopia’s GERD announcement (Nasr & Neef, 2016). Figure 4.3 also indicates the low values 
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of Sudan’s political stability, with fluctuations after South Sudan’s independence from Sudan in 

2011. It was reported that the unstable nature of its politics motivated Sudan to return to the NBI, 

so it could proceed with its ambitious water development plans (Nicol & Cascão, 2011). Given the 

deteriorating political stability in Sudan and Egypt and the increasing political stability in Ethiopia 

after 2010, it was reported that Ethiopia announced the GERD construction, potentially threatening 

the downstream countries (Tawfik, 2016).  

 

Figure 4.3 The political stability from 2000 to 2018 of Egypt, Sudan, and Ethiopia (-2.5 weak; 

2.5 strong) (Food and Agriculture Organization Data, 2020b) 

 

4.3.1.2 Foreign direct investment  

Foreign direct investment (FDI) is an investment in a country by another country (World Bank, 

2021). Several qualitative studies have found that FDI influences C&C in transboundary rivers, 

including the Nile Basin (Cascão, 2009; Waterbury, 2008; Whittington et al., 2014; Zeitoun & 

Mirumachi, 2008; Zeitoun & Warner, 2006; Zeitoun et al., 2011, 2017). Figure 4.4 shows that, 

after 2003, FDI in Sudan remained almost stable with minor changes. However, in Egypt and 

Ethiopia, FDI substantially fluctuated in some periods (i.e., Egypt between 2003 and 2018; 

Ethiopia between 2012 and 2018). It was proposed as a hypothesis that low FDI motivated Ethiopia 

to embrace the NBI in the 1990s (Zeitoun et al., 2011). However, with increasing FDI after 2011 

(Figure 4.4), Ethiopia’s willingness to cooperate with Sudan and Egypt declined (Cascão & Nicol, 

2016). Figure 4.4 also reveals Egypt’s changing FDI, which is connected to cooperative events in 

the basin in 2007 and 2015.  It was reported that, in 2007, a year in which Egypt enjoyed high level 

of foreign investments, the country had disagreements with other riparian countries, but in 2015, 

when Egypt’s foreign investments were relatively low, it was more likely to cooperate (Cascão & 

Nicol, 2016). Thus, we hypothesize that an increase in riparian countries’ foreign investments 

reduce their willingness to cooperate.  
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Figure 4.4 The foreign direct investments from 1991 to 2018 (Food and Agriculture Organization 

Data, 2020a) in Egypt, Sudan, and Ethiopia 

 

4.3.1.3 Countries’ memory of cooperation 

Countries’ memory of cooperation is proposed to indicate the effect of the historical basin 

cooperation on countries’ willingness to cooperate. Past studies have suggested the important role 

of memory and trust in C&C in transboundary rivers, including the Nile River Basin (Cascão, 

2009; Metawie, 2004; Tafesse, 2001; Whittington et al., 2014; Zeitoun & Mirumachi, 2008). In 

general, positive memories of basin cooperation can lead to trust and an improved environment in 

the basin (Whittington et al., 2014). In this research, the memory is defined as a weighted average 

of countries’ historical willingness to cooperate over their memory span. Also, the 1959 treaty 

between Egypt and Sudan, for example,  triggered feelings of profound mistrust among other 

riparian countries in the Basin (Whittington et al., 2014). However, the NBI provided a unique 

opportunity for the riparian countries to improve their cooperative plans and build trust in the basin 

(Metawie, 2004).  

 

4.3.1.4 Future water storage capacity 

The existing Nile plans show a considerable potential to increase the future water storage capacity 

in the basin, particularly in Ethiopia and Sudan, by 2050 (NBI, 2016). For hydropower generation, 

the installed capacities are planned to increase to 26,000 MW in the basin by 2050 (NBI, 2016). 

Reservoirs and dams have been constructed in the Nile River Basin as a result of unilateral or 

multilateral projects undertaken by the riparian countries (Nicol & Cascão, 2011). For example, 

the Roseires and the Aswan High Dams were built as a result of the 1959 treaty in Sudan and 

Egypt, respectively (Food and Agriculture Organization, 1959). Thus, the desire to increase 
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reservoir storage in Sudan and Ethiopia through multilateral projects, like the Roseires Dam and 

the AHD, can be an important factor in the countries’ willingness to cooperate in the basin (Food 

and Agriculture Organization, 1959). 

 

4.3.1.5 Food gap 

The food gap shows the difference between food consumption and the produced food from rainfed 

and irrigated areas. The food gap has been recognized as an important factor in the C&C within 

the Nile River Basin (Kagwanja, 2007; Nicol & Cascão, 2011). This factor can motivate riparian 

countries to cooperate on agricultural developments. For example, Ethiopia's population growth 

and food security issues have convinced Ethiopia to negotiate with other countries to achieve water 

development plans that increase the country’s food production (Nicol & Cascão, 2011). In another 

example,  although Sudan stopped participating in the NBI in 2007, the 2008 food crisis in Sudan 

and its agricultural development plans later convinced this country to return to the NBI (Cascão & 

Nicol, 2016; Nicol & Cascão, 2011). 

 

4.3.1.6 Energy gap 

The energy gap represents the difference between actual hydropower generation and potential 

hydropower capacity. Because the Nile River Basin has a high potential power capacity, several 

hydropower plants have been proposed under unilateral/multilateral agreements, in addition to 

existing hydropower plants (NBI, 2016). To fill its energy gap, Ethiopia has proposed the GERD 

hydropower plant, fueling concerns in the basin and indicating the role of the energy gap in 

conflicts among countries (Cascão & Nicol, 2016). However, the energy gap can also be a 

motivation for cooperation among the riparian countries in the Nile Basin (Basheer et al., 2018; 

Wheeler et al., 2018). In fact, energy gap can increase or decrease by changing reservoir operation 

rules. Cooperation relates to the fact that generated hydropower in a country can be exported to 

other countries in the basin.   

 

4.3.2 Key feedback loops between the hydrological and social systems 

Figure 4.5 shows our Eastern Nile Basin Socio-hydrological (ENSH) model conceptualization 

with a specific structure for each country. As mentioned in Section 4.2, GERD construction started 

for hydropower generation to decrease Ethiopia’s energy gap. However, the growth in the energy 

gap may reduce Ethiopia’s willingness to cooperate within the ENB. Ethiopia reduces the water 

released to Sudan and Egypt in the recurring filling period (Whittington et al., 2014). Also, GERD 

operation is anticipated to smooth the peaks of the Blue Nile flow and increase the low flows of 

the spring period (Abdul Latif Jameel Water and Food Systems Lab, 2014).  

To meet the transboundary requirements (i.e., historical water rights of the riparian countries) after 

the construction of GERD (GERD transboundary flow), we conceptualize two separate amounts 

of transboundary water released to Sudan and Egypt: (1) water used for hydropower generation in 
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Ethiopia (water for hydropower) and (2) water released during the GERD filling period. Ethiopia’s 

available surface water is affected by the climate and other water uses in Ethiopia (i.e., the water 

supply for agriculture). It is proposed that the food gap problem motivates countries to adopt 

technology in agriculture (Gebrehiwot & van der Veen, 2015; Juana et al., 2013; Tadesse et al., 

2009), thus, increasing irrigated areas and crop yields, which boost food production, and decrease 

the food gap. Like the energy gap problem, an increase in Ethiopia’s food gap may reduce 

Ethiopia’s willingness to cooperate (Basheer et al., 2018; Kagwanja, 2007; Nicol & Cascão, 2011; 

Wheeler et al., 2018). As mentioned in Section 4.3.1, the increase in relative political stability and 

foreign investments, as external socio-political factors, can negatively affect willingness to 

cooperate. 

Sudan has available surface water that consists of the transboundary flow from Ethiopia and the 

Equatorial Lakes, and rainfall. Part of this available surface water flows into Egypt as 

transboundary flow. The food and energy components are similar to the ones explained above for 

Ethiopia. Egypt’s available surface water depends mostly on the transboundary flow, which is 

positively impacted by cooperation in the ENB. As for hydropower production in Egypt, our 

ENSH model ignores it because it makes only a small contribution to Egypt’s energy production 

(NBI, 2016). The main two water uses considered for Egypt in the model are for agriculture, with 

a similar structure to the Ethiopian and Sudanese components, and for municipalities, which are 

impacted by Egypt’s investments in desalination and wastewater treatment. 

In contrast to Ethiopia, Sudan and Egypt may become more willing to cooperate with other 

countries in the basin when their food/energy gaps increase (Nicol & Cascão, 2011). Decreasing 

transboundary flow from Ethiopia reduces energy/food production downstream, thereby, 

increasing Sudan’s and Egypt’s willingness to cooperate within the ENB to increase their shares 

of surface water. Through negotiation, downstream countries can encourage upstream countries to 

release more water by proposing multilateral projects and helping to conserve water flows 

upstream. In principle, increasing upstream reservoir storage capacity can increase available 

surface water, which in turn can increase transboundary flow. This future reservoir storage would 

enable the riparian countries both to decrease food and energy gaps (Abtew & Melesse, 2014; 

Blackmore & Whittington, 2008) and to address the projected changes in interannual variability 

of the Nile flow by 50% due to climate change (Siam & Eltahir, 2017). Therefore, Sudan and 

Egypt can be generally interested in increasing Ethiopia’s future reservoir capacities, provided that 

agreements are reached regarding the filling and operation of such reservoirs. Intuitively, the 

riparian countries’ willingness to cooperate increases cooperation in the ENB, which creates a 

positive environment and trust in the basin. Thus, creating a history of basin cooperation can 

increase the riparian countries’ willingness to cooperate.  
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Figure 4.5 Conceptualization of the Eastern Nile Basin socio-hydrological (ENSH) model, 

showing feedback mechanisms in the Basin. 
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4.3.3 Model overview 

The yearly ENSH model quantifies and simulates the willingness of Ethiopia, Sudan, and Egypt 

to cooperate from 1984 to 2016. The riparian countries’ willingness to cooperate likely encourages 

cooperation throughout the basin. The ENSH model is a model of human behavior that takes inputs 

from the external water resources model developed by Abdelkader & Elshorbagy (2021). In past 

research, the collective memory in human-water systems has been mostly simulated by pre-

specified and deterministic differential equations following the common top-down approach in the 

literature of socio-hydrology (e.g., Di Baldassarre et al., 2013; Viglione et al., 2014). In this 

research, we adopted a bottom-up approach using agent-based modeling that accounts for 

stochasticity in social behaviors (by introducing random variables to the model) in the simulation 

of each country’s memory to represent both uncertainty and heterogeneity in countries’ decision 

making.  

The water resources model simulates monthly streamflow, food production, food consumption, 

and energy production (Abdelkader & Elshorbagy, 2021). Using simulated food production, food 

consumption, and energy production, the human model quantitatively simulates the willingness of 

countries to cooperate by year. We determined three agents based on the number of riparian 

countries in the ENB that are policymaker agents. As mentioned in our model conceptualization, 

we determined several socio-political variables: energy gap, food gap, relative political stability, 

foreign direct investments, countries’ memory of cooperation, and future reservoir storage. 

Following the study by Ghoreishi et al. (2021), we assumed different weights for socio-political 

and hydrological factors. Each of these weights shows the extent to which the riparian countries 

emphasize any of the socio-political and hydrological factors. Assigning these weights for each 

country enables us to capture the heterogeneity among the various policymakers within the ENB. 

In this study, we made assumptions, based on the literature of the Nile, for choosing these weights 

(more details are given in Section 4.3.6).  

 

4.3.4 Model Inputs 

The inputs to the human model are based on yearly socio-political data for each riparian country 

(Table 4.1). The annual political stability index is collected from Worldwide Governance 

Indicators (2021). The potential dam and energy capacities were defined for each country based 

on proposed dams and potential hydropower generation in the ENB (NBI, 2012, 2016). Table 4.1 

shows all model inputs with their time and spatial resolutions.    

 

Table 4.1 Description of the data, their time/spatial resolutions, and sources (dash means that the 

data are fixed in the model over time) 

Data  
Time 

Resolution 

Spatial 

Resolution 
Source 

Political stability index Annual Country 
(Food and Agriculture 

Organization Data, 2020b) 
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Foreign direct investment Annual Country 
(Food and Agriculture 

Organization Data, 2020a) 

Potential energy capacity -  Country (NBI, 2012) 

Potential dam capacity -  Country (NBI, 2016) 

 

4.3.5 Water resources model 

The water resources model has been previously calibrated and validated by Abdelkader & 

Elshorbagy (2021) and simulates daily water, hydropower, and agricultural crop growing and 

consumption dynamics in the ENB from 1981 to 2016. This water resources model constitutes a 

hydrological model using the soil water assessment tool (SWAT), which is a spatially semi-

distributed model. The first two years (i.e., 1981 to 1982) were used as a spin-up period. Using the 

dynamically dimensioned search (DDS) calibration algorithm (Tolson & Shoemaker, 2007), the 

hydrological model was calibrated and validated to daily and monthly streamflow data. 

The water resources model simulates water demand/supply for municipal, industrial, and irrigation 

use in the basin. Using the simulated water demand/supply, this model simulates the food/energy 

production and food consumption of each riparian country. Water is supplied from each dam to 

different demand sites based on the priority rules from the highest priority to the lowest one: 

municipal, industrial, and agricultural sites. The sources of water supply for Sudan and Ethiopia 

are river flows and rainfall; however, due to surface water scarcity in Egypt, this country uses more 

diverse water sources, including deep and shallow groundwater, wastewater reuse, and 

desalination (more details in Abdelkader et al. (2018)). For each agricultural, municipal, and 

industrial site, daily water demand is calculated. The municipal water demand is calculated by 

multiplying the per capita water demand by the population at a particular municipal site. According 

to Allen et al. (1998), the agricultural water demand is simulated by calculating crop 

evapotranspiration with the effect of soil moisture shortage and an irrigation efficiency factor. 

Also, the industrial water demand is defined by the input data series for each site.  

After simulating demand for each water demand sector, the water resources model simulates daily 

hydropower generation for each dam based on dam release and a headwater reservoir. Food 

production is simulated for both irrigated and rainfed areas in the ENB by multiplying crop yields 

and agricultural areas for 20 crop groups (Abdelkader & Elshorbagy, 2021). To calculate crop 

yields, Abdelkader & Elshorbagy (2021) simulated the adjusted crop yields due to water shortage 

according to Doorenbos and Kassam (1979). In addition, food consumption is simulated by 

multiplying per capita food consumption by the national population for each country.  

 

4.3.6 Human model 

We define the “willingness to cooperate” (WC) of a riparian country as a variable in the range zero 

(i.e., no cooperation) to one (i.e., perfect cooperation) and propose Equations 4.1 through 4.6 for 

its estimation, based on the theory of reference dependence (Schmidt, 2003). This theory suggests 

that the benefits and losses are evaluated relative to a reference point in human decision making 

(Schmidt, 2003). This reference point can be the status quo (Tversky & Kahneman, 1991) or an 
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aspiration level (Siegel, 1957). In this study, for the agricultural sector, food production (FP) is 

evaluated relative to food consumption (FC). For hydropower, energy production (HP) is evaluated 

relative to potential HP energy capacity (PEC). For future reservoir storage, as a result of basin 

cooperation, the reservoir storage under construction (S) is evaluated relative to a country’s 

potential dam capacity (PDC). Political stability (PS) and foreign direct investment (FDI) are 

evaluated relative to their maximum historical values. 

To develop our proposed formulations (Equations 4.1, 4.3, 4.5), we used the concept of additive 

and multiplicative effects in decision making (Anderson, 1965; Keeney, 1974). The additive effect 

implies that an effect of an extreme variable moderately decreases by another more neutral 

variable; however, through the multiplicative effect, an extreme variable can produce an 

exaggerated effect (Hensley & Levin, 1976). We assumed that the energy gap, the food gap, and 

future reservoir storage have additive effects on willingness to cooperate, while the other factors 

(i.e., relative political stability, foreign direct investment, and countries’ memory from past 

cooperation at the basin) have multiplicative effects. This assumption means that the effects of a 

riparian’s energy gap, food gap, and future reservoir storage are moderately impacted by each 

other, and the effects of other variables can significantly affect a country’s willingness to 

cooperate. Thus, near zero values of multiplicative factors (e.g., a very bitter memory of past 

cooperation) can make willingness to cooperate near zero even if the other multiplicative variables 

have considerable values.      

Ethiopia’s willingness to cooperate (Equation 4.1) is the sum of the food gap, the energy gap, and 

future reservoir storage multiplied by relative political stability, foreign direct investment, and the 

country’s memory. Based on our model conceptualization for Ethiopia, to consider the inverse 

effect of the food gap, willingness to cooperate includes food production (i.e., irrigated and rainfed 

areas multiplied by the corresponding crop yields (Equation 4.2)) divided by food consumption in 

Ethiopia. Also, the inverse effect of the energy gap is considered by the division of energy 

production by potential energy capacity. As relative political stability and foreign direct investment 

vary from 0 to 1 (i.e., low to high values), subtracting them from 1 produces an inverse effect 

between these variables and a willingness to cooperate. Unlike these variables, the country’s 

memory positively affects its willingness to cooperate. In contrast to Ethiopia’s conceptualization, 

the food gap has a direct effect on the willingness of both Sudan and Egypt to cooperate (Equations 

4.3 and 4.5) through the division of food consumption by food production. The direct effect of the 

energy gap on Sudan is also captured by the division of potential energy capacity by energy 

production. Thus, willingness to cooperate can be written for Ethiopia (WCEth), Sudan (WCSud), 

and Egypt (WCEgy) as follows:   

 

𝑊𝐶𝐸𝑡ℎ,𝑡 = (𝛽1,𝐸𝑡ℎ.
𝐹𝑃𝐸𝑡ℎ,𝑡
𝐹𝐶𝐸𝑡ℎ,𝑡

+ 𝛽2,𝐸𝑡ℎ.
𝐻𝑃𝐸𝑡ℎ,𝑡
𝑃𝐸𝐶𝐸𝑡ℎ

+ 𝛽3,𝐸𝑡ℎ.
𝑆𝐸𝑡ℎ,𝑡
𝑃𝐷𝐶𝐸𝑡ℎ

)

𝛼1,𝐸𝑡ℎ

. (1

− 𝑃𝑆𝐸𝑡ℎ,𝑡)
𝛼2,𝐸𝑡ℎ

. (1 − 𝐹𝐷𝐼𝐸𝑡ℎ,𝑡)
𝛼3,𝐸𝑡ℎ

. (
𝐶𝑆𝐸𝑡ℎ,𝑡
𝑛

)
𝛼4,𝐸𝑡ℎ

 

4.1 
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𝐹𝑃𝐸𝑡ℎ,𝑡 = Aig,𝐸𝑡ℎ,𝑡. 𝐶𝑌𝑖𝑔,𝐸𝑡ℎ,𝑡 + Arf,𝐸𝑡ℎ,𝑡. 𝐶𝑌𝑟𝑓,𝐸𝑡ℎ,𝑡 4.2 

 

𝑊𝐶𝑆𝑢𝑑,𝑡 = (𝛽1,𝑆𝑢𝑑.
𝐹𝐶𝑆𝑢𝑑,𝑡
𝐹𝑃𝑆𝑢𝑑,𝑡

+ 𝛽2,𝑆𝑢𝑑.
𝑃𝐸𝐶𝑆𝑢𝑑
𝐻𝑃𝑆𝑢𝑑,𝑡

+ 𝛽3,𝑆𝑢𝑑.
𝑆𝑆𝑢𝑑,𝑡
𝑃𝐷𝐶𝑆𝑢𝑑

)

𝛼1,𝑆𝑢𝑑

. (1

− 𝑃𝑆𝑆𝑢𝑑,𝑡)
𝛼2,𝑆𝑢𝑑

. (1 − 𝐹𝐷𝐼𝑆𝑢𝑑,𝑡)
𝛼3,𝑆𝑢𝑑

. (
𝐶𝑆𝑆𝑢𝑑,𝑡
𝑛

)
𝛼4,𝑆𝑢𝑑

 

 

4.3 

 

 

𝐹𝑃𝑆𝑢𝑑,𝑡 = Aig,𝑆𝑢𝑑,𝑡. 𝐶𝑌𝑖𝑔,𝑆𝑢𝑑,𝑡 + Arf,𝑆𝑢𝑑,𝑡. 𝐶𝑌𝑟𝑓,𝑆𝑢𝑑,𝑡 4.4 

 

𝑊𝐶𝐸𝑔𝑦,𝑡 = (𝛽1,𝐸𝑔𝑦 .
𝐹𝐶𝐸𝑔𝑦,𝑡

𝐹𝑃𝐸𝑔𝑦,𝑡
)

𝛼1,𝐸𝑔𝑦

. (1 − 𝑃𝑆𝐸𝑔𝑦,𝑡)
𝛼2,𝐸𝑔𝑦

. (1

− 𝐹𝐷𝐼𝐸𝑔𝑦,𝑡)
𝛼3,𝐸𝑔𝑦

. (
𝐶𝑆𝐸𝑔𝑦,𝑡

𝑛
)
𝛼4,𝐸𝑔𝑦

 

4.5 

 

𝐹𝑃𝐸𝑔𝑦,𝑡 = Aig,𝐸𝑔𝑦,𝑡. 𝐶𝑌𝑖𝑔,𝐸𝑔𝑦,𝑡 4.6 

 

𝛽1 , 𝛽2, and 𝛽3 are countries’ weights or emphasis on the food gap, the energy gap, and future 

reservoir storage, respectively. These weights, which add up to one, represent the policymakers’ 

preference structure. 𝑡 represents the time. The countries’ relative political stability (PS) is 

normalized between 0.1 and 0.9 (0.1 and 0.9 represent the least and the most powerful riparian 

country in the ENB). To make 𝐹𝐷𝐼 unitless like other parts in the formulation of willingness to 

cooperate,  𝐹𝐷𝐼 is the normalized countries’ foreign direct investment over all countries between 

0.1 and 0.9 (0.1 and 0.9 represent the least and the most countries’ FDI relative to their maximum 

historical values.) 𝐶𝑆 indicates a country’s prediction of cooperation status of two other countries 

based on its memory from past cooperation in the basin. For example, 𝐶𝑆𝐸𝑡ℎ,𝑡 indicates Ethiopia’s 

prediction of an aggregated cooperation status of Sudan and Egypt of time t (the quantification of 

𝐶𝑆 is discussed in Equations 4.7-4.10). 𝑛 is the total number of riparian countries (i.e., three). 𝛼1, 

𝛼2, 𝛼3, and 𝛼4 represent the countries’ weights or emphasis on multiplicative variables of 

policymaker decision making, and they all sum to one. Aig 𝑎𝑛𝑑 Arf indicate the actual irrigated 

and rainfed areas in riparian countries. 𝐶𝑌𝑖𝑔 and 𝐶𝑌𝑟𝑓 represent the corresponding crop yields in 

irrigated and rainfed areas. Following a previous study by Lu et al. (2021), in this study, we 

assumed all socio-hydrological factors are treated equally. Thus, all multiplicative weights are 

assumed to be 0.25. The additive weights of Ethiopia and Sudan are assumed to be 0.33, but 

Egypt’s additive weight is 1, as, based on model conceptualization, Egypt has only one additive 

factor (i.e., the agricultural sector).  
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To account for the riparian countries’ memories of past cooperation, we used the El Farol model 

(Wilensky & Rand, 2015). With a memory of past cooperation in the basin, each country predicts 

if other countries are in a status of cooperation (1) or non-cooperation (0). Thus, the prediction of 

a riparian’s cooperation status in the basin (𝐶𝑆) can vary from 0 (i.e., when two other countries 

have non-cooperation status) to 2 (i.e., when two other countries have cooperation status). 

Following the El Farol model, each country has a limited memory of cooperation status. The 

memory size (memory span) represents the number of years in which one country remembers the 

ENB cooperation events. Using the El Farol model, we used “ a bag of strategies” for each riparian 

(Equation 4.7) to predict the river basin cooperation status (Wilensky & Rand, 2015). Based on an 

agent’s memory, each strategy is a rule of thumb about the cooperation status in the river basin 

(e.g., twice last year’s river basin cooperation, half the river basin cooperation of the last three 

years, or the average of the river basin cooperation over the last three years). In this study, each 

strategy is a weighted average of countries’ willingness to cooperate over their memory size with 

random weights. “A bag of strategies” for an agent can be written as follows (Equation 4.7): 

 

𝑆k,t =

{
 
 

 
 𝑆k,1,t = 𝐴k,1,1 ×WC̅̅̅̅̅−𝑘,𝑡−1 + 𝐴k,1,2 ×WC̅̅̅̅̅−𝑘,𝑡−2 +⋯+ 𝐴k,1,m ×WC̅̅̅̅̅−𝑘,𝑡−𝑚
𝑆k,2,t = 𝐴k,2,1 ×WC̅̅̅̅̅−𝑘,𝑡−1 + 𝐴k,2,2 ×WC̅̅̅̅̅−𝑘,𝑡−2 +⋯+ 𝐴k,2,m ×WC̅̅̅̅̅−𝑘,𝑡−𝑚

⋮
𝑆𝑘,𝑖,𝑡 = 𝐴k,i,1 ×WC̅̅̅̅̅−𝑘,𝑡−1 + 𝐴k,i,2 ×WC̅̅̅̅̅−𝑘,𝑡−2 +⋯+ 𝐴k,i,m ×WC̅̅̅̅̅−𝑘,𝑡−𝑚

 4.7 

 

where 𝑆k,1,t is the ith strategy of agent 𝑘 included in an agent’s bag of strategies in time 𝑡, 𝐴k,i,m 

is the agent 𝑘’s weight for the ith strategy in time 𝑡 − 𝑚, WC̅̅̅̅̅−𝑘,𝑡−𝑚 means the average of 

countries’ willingness to cooperate but agent 𝑘 in time 𝑡 − 𝑚, and 𝑡 is the current year. The 

memory size (m) and the number of strategies (i) for agents are model parameters. In this study, 

the memory size and the number of strategies are assumed to be 10. This assumption, based on the 

ENB’s narratives and common assumptions in agent-based modeling for cooperation and conflict 

models (Cascão & Nicol, 2016; Wilensky & Rand, 2015), means that the riparian countries have 

good memory from the past events in the basin.  

Assuming a group of these strategies for each policymaker (agent), the agent investigates how well 

each strategy worked in previous years. Thus, the best strategy will be used by an agent to predict 

the riparian countries’ cooperation status. In other words, the best strategy is the one that provides 

the best prediction based on the previous years (Equation 4.10), which can be written as follows:  

 

ε𝑘,𝑖,𝑡 = |𝑆𝑘,𝑖,𝑡−1 −WC̅̅̅̅̅−𝑘,𝑡−1| + |𝑆𝑘,𝑖,𝑡−2 −WC̅̅̅̅̅−𝑘,𝑡−2| + ⋯+ |𝑆𝑘,𝑖,𝑡−m −WC̅̅̅̅̅−𝑘,𝑡−𝑚| 4.8 

 

ϕ̂𝑘,𝑡 = min{ε𝑘,1,𝑡, ε𝑘,2,𝑡, … , ε𝑘,𝑖,𝑡} 4.9 
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𝐶𝑆𝑘,𝑡 = CS(𝑆𝑘,𝑖,𝑡|ϕ̂𝑘,𝑡) 4.10 

 

where ε𝑘,𝑖,𝑡 is the residual of the ith strategy for agent 𝑘 in time t, and ϕ̂𝑘,𝑡 is the minimum residual 

of different strategies included in a bag of strategies for agent 𝑘 in time t. For initial values of the 

riparian countries’ cooperation status, we assumed that Ethiopia had a bitter memory of the past 

cooperation (i.e., 𝐶𝑆−1:𝑡−𝑚 = 0) but that both Egypt and Sudan have a positive memory of past 

events (i.e., 𝐶𝑆−1:𝑡−𝑚 = 2), based on their bilateral projects in the basin (Cascão & Nicol, 2016). 

After calculating countries’ willingness to cooperate (WC), the basin-wide cooperation (BC) is 

proposed as an average of countries’ willingness to cooperate (Equation 4.11).  

  

𝐵𝐶𝑡 =
1

3
× (WCEth,𝑡 +WCSud,t +WCEgy,t) 4.11 

 

As mentioned, the simulation time window starts in 1983 when the Undugu project was completed 

(Kagwanja, 2007; Seide, 2014). Based on this cooperative project, we assumed 0.6 for all 

countries’ willingness to cooperate as an initial value.  

 

4.4 Results 

According to the ENSH model, Figure 4.6 shows the simulation of the dynamics of riparian 

countries’ willingness to cooperate (WC) from 1983 to 2016 based on the historical basin water 

system (without GERD in Ethiopia). According to the model, Ethiopia’s willingness to cooperate 

remained high in the first years, verified by the Undugu project in 1983 (Kagwanja, 2007; Seide, 

2014). The country’s willingness to cooperate further increased after 1990, which can be explained 

by the TECCONILE. Ethiopia’s willingness to cooperate fell in 2001 due to a high value of 

political stability; however, Ethiopia’s willingness to cooperate increased after 2001. This 

increasing value can be qualitatively verified by the JMP, bringing the riparian countries together 

in 2003 for wide economic improvements along the river basin. 
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Figure 4.6 Simulated riparian countries’ willingness to cooperate (WC) from 1983 to 2016. 

After 2009, with Ethiopia’s unsuccessful attempt to make Egypt return to the negotiation, 

Ethiopia’s willingness greatly decreased, due in part to large foreign direct investment. In 2010, 

the reduction of Ethiopia’s willingness to cooperate with Sudan and Egypt is highlighted by the 

CFA through which Ethiopia reached a cooperation agreement with the upstream countries in the 

absence of Sudan and Egypt (Cascão, 2009; Nicol & Cascão, 2011). The willingness of Ethiopia 

to cooperate continued to decrease in 2011 when the country announced the construction of the 

GERD dam (Cascão & Nicol, 2016). Our model suggests that this decreasing value after 2010 is 

explained by Egypt’s weakened political stability after the Arab Spring, Ethiopia’s increased 

political stability, higher foreign direct investment, and widening food and energy gaps. The 

dynamics of Ethiopia’s willingness to cooperate can also explain the country’s “free rider” 

behavior (i.e., focusing on water use through unilateral projects rather than multilateral projects 

(Cascão, 2009)) in announcing the construction of the GERD. In other words, using this socio-

hydrological model, we argue that a very low value of Ethiopia’s willingness to cooperate can lead 

to “the free rider” behavior, which can change the hydrological regime in the basin.  

Although Sudan’s willingness to cooperate declined after 1986, according to the model, it slightly 

increased after 1989 with fluctuations until 2003, except for 2001 when the willingness 

temporarily jumped due in part to relatively low political stability. While the high values of the 

first years can be justified by the Undugu project, the TECCONILE can qualitatively validate the 

slight increase after 1989 (Kagwanja, 2007; Seide, 2014). After 2003, Sudan’s willingness dropped 

before bouncing back by 2008. The 2003–2008 pattern can be highlighted by the 2008 food crisis 

and Sudan’s conflict with Ethiopia due to a threat to its historical water rights (Nicol & Cascão, 

2011). Sudan’s conflict with Ethiopia can qualitatively explain the decreasing value of Sudan’s 

willingness, while the 2008 food crisis can explain the country’s increasing willingness to 

cooperate. Sudan’s willingness slightly rose between 2008 and 2010, which can be explained by 

Sudan’s ambition to improve its agriculture (Cascão, 2009; Nasr & Neef, 2016). Sudan’s 

willingness to cooperate dramatically declined between 2010 and 2013, which can be highlighted 

by Sudan’s reaction to CFA and GERD’s construction. Also, after 2013, the upward trend likely 

reflects Sudan’s position change and its support for GERD (Barnes, 2017; Swain, 2011). 

Egypt’s willingness to cooperate gradually rose with fluctuations between 1984 and 2005. This 

gradual increase can be explained by the food gap, political instability to some extent, and 
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declining foreign direct investment. This upward trend can also reflect Egypt’s participation in the 

Undugu project, TECCONILE, NBI, and JMP (Kagwanja, 2007; Seide, 2014). After 2005, Egypt’s 

willingness dropped to its lowest point in 2008. The negotiation deadlock can verify this 

decreasing value in 2007 and Egypt’s conflict with Ethiopia about Egypt’s historical water rights 

(Nicol & Cascão, 2011). Egypt’s willingness increased from 2008 to 2012. This increasing value 

can be explained by the decreasing political stability of Egypt during this period, eventually 

leading to the Arab Spring in 2011 (Knaepen & Byiers, 2017; Salman, 2013). Afterward, Egypt’s 

willingness fluctuated from 2012 to 2016, which can be attributed to Egypt’s change of political 

regime, mixed reaction to GERD, and willingness to keep negotiating with the riparian countries 

(Tawfik, 2016).  

The average of the riparian countries’ willingness to cooperate leads to the ENB cooperation 

dynamics (Figure 4.7). The overall trend shows a slightly decreasing pattern from 1983 to 2016. 

This simulated basin-wide cooperation (BC) shows how mistrust and bitter memory from the past 

in the basin can reduce cooperation events (Whittington et al., 2014). The basin cooperation 

remained high in the first years after the riparian countries reached the Undugu project. We argue 

that the increase in cooperation after 1990 brought the riparian countries together for TECCONILE 

in 1992. Afterward, TECCONILE as guidelines for NBI, led to an increase in basin cooperation 

until NBI happened in 1999 (Kagwanja, 2007). Although the riparian countries reached these wide 

basin agreements, the basin cooperation decreased and dropped by 2007. This sharp downward 

trend can significantly show the negotiation deadlock and serious conflicts among the riparian 

countries between 2005 and 2008 (Paisley & Henshaw, 2013). After 2008, the Arab spring in 2011 

and the importance of Sudan’s agriculture projects motivated the riparian countries to return to 

negotiations, which is illustrated by an upward trend in Figure 4.7 (Cascão & Nicol, 2016). The 

basin cooperation went into a sharp decline in 2013, reflecting the riparian countries’ conflict over 

the GERD construction (Nasr & Neef, 2016). We argue that the increased cooperation in 2014 led 

the riparian countries to sign a declaration on the GERD’s first filling and operation in 2015 

(Tawfik, 2016). However, the basin cooperation decreased shortly afterward, indicating that the 

declaration did not resolve the conflict (Cascão & Nicol, 2016).  
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Figure 4.7 Simulated basin-wide cooperation (BC) at the ENB from 1983 to 2016. 

 

4.5 Exploring the Evolution of Potential cooperation Pathways with the GERD Operation  

The ENSH model quantifies the dynamic behavior of the cooperation phenomenon in the ENB, 

which paves the way for predicting cooperation pathways. Here, we propose how our ENSH model 

can be fully coupled with a water resource systems model, instead of using the outputs of an 

external model, to explore the evolution of cooperation pathways for GERD operations among the 

riparian countries. Figure 4.8 shows our proposed socio-hydrological modeling framework. The 

ENSH human submodel simulates the basin cooperation  (BC) based on the countries’ willingness 

to cooperate (WC). The BC value goes through if-then rule statements, with pre-determined 

thresholds, which allow transitions between different cooperation statuses. In fact, with assumed 

model thresholds (i.e., α1, α2, and α3), in each model time step (i.e., year), the socio-hydrological 

model can transition from one to another cooperation status. For example, if the basin cooperation 

shows a very low value, defined by an assumed threshold, the “unilateralism scenario” will be 

predicted. Based on the “unilateralism scenario,” the water submodel simulates the countries’ food 

and energy productions through maximizing Ethiopia’s energy production by the GERD operation 

and increasing Sudan’s withdrawals from the Blue Nile for irrigation. These simulated food and 

energy productions, in turn, drive the ENSH model to predict new cooperation status. We have 

defined potential incremental cooperative arrangements that can exchange water, food, and energy 

among the riparian countries considering their strength under three settings: (1) unilateralism, 

where the riparian countries act independently to minimize their food and energy gaps; (2) and (3) 

semi cooperation (i.e., low and medium cooperation), where the riparian countries partially 

cooperate through exchanging water, food, and energy; and (4) full cooperation, where the riparian 

countries completely cooperate. However, it is noteworthy that these cooperative arrangements 
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can be replaced by other available options. Their potential cooperation status can include, but are 

not limited to, the following:    

 

Unilateralism: The GERD operation is set to maximize Ethiopia’s energy production, and Sudan 

increases withdrawals from the Blue Nile for irrigation. 

Low Cooperation: The GERD operation is set to maximize energy production while helping 

Egypt to manage drought. This policy resembles unilateralism, but Ethiopia releases the required 

water (rescue flow) to Egypt to ensure that the AHD level is not less than a threshold reservoir 

level intended to prevent severe water shortages in Egypt. Sudan does not use this rescue flow that 

goes to Egypt. In return, Egypt makes up for any hydroelectric power shortages in Ethiopia due to 

the supply rescue flow by investing in improving crop yields in Ethiopia. 

Medium Cooperation: Here, the GERD operation policy is more balanced. We assume that 

Ethiopia does not fully maximize the energy production from GERD and releases a portion of 

water to Egypt and Sudan so that these countries can minimize any water shortages. Also, we 

assume that Sudan does not withdraw any additional water. In return, Egypt invests in Sudan to 

enhance the crop yields of rainfed areas to minimize the Sudanese food gap, and any food surplus 

is exported to Egypt then to Ethiopia to reduce their food gaps. Ethiopia’s energy shortages are 

alleviated by Egypt. 

Full Cooperation: This policy is similar to the medium cooperation policy, but here Ethiopia does 

not allow any water shortages to develop in Egypt or Sudan. In return, more food and energy are 

supplied from Egypt and Sudan, respectively, to Ethiopia. Additionally, more investments from 

Egypt are directed to improve irrigation efficiency, crop yields, and dam construction in Sudan 

and Ethiopia.  
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Figure 4.8 A proposed socio-hydrology transboundary framework to explore the evolution of 

cooperation pathways among the riparian countries affected by the GERD operation and to 

reveal how the GERD operation will affect agricultural sectors and hydropower in the riparian 

countries. α1, α2, and α3 are the model thresholds for the transition between cooperation policies. 

 

This exploratory framework can reveal how the GERD operation will affect agricultural sectors 

and hydropower in the riparian countries, and thus, how these effects will impact and co-evolve 

with potential cooperation pathways among the riparian countries. This framework may ultimately 

enable policymakers to understand and mitigate actions leading to conflict in the ENB. It is 

noteworthy that the cooperative arrangements in our proposed framework assume that the total 

flows of the ENB are open for negotiation and reassessment, which may not be the same as the 

historical water rights. However, this assumption may be unrealistic in light of the historical water 

rights of Egypt and Sudan.   

 

4.6 Conclusion 

When shared water resources are contested in transboundary rivers, conflict and cooperation 

phenomena can emerge. Unlike most studies using exogenous scenarios to analyze water resource 

developments in transboundary rivers, socio-hydrology treats cooperation as an internal variable 

in a socio-hydrological system that can co-evolve with hydrological variables.  

This study has focused on the Eastern Nile Basin (ENB) including Ethiopia, Sudan, and Egypt, 

countries with a long history of conflict and cooperation. To provide a better understanding of the 

ENB conflict and cooperation phenomenon, we developed an agent-based socio-hydrological 

model that quantifies and simulates both the riparian countries’ willingness to cooperate and basin-

ENSH
Human Submodel

ENSH
Water Submodel

Food Production

Energy Production

If             Basin Cooperation < α1   then    Unilateralism

If     α1 <Basin Cooperation < α2   then    Low Coordination

If     α2 <Basin Cooperation < α3   then    Medium Coordination

If             Basin Cooperation > α3   then    High Coordination

Basin Cooperation
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wide cooperation in the ENB from 1983 to 2016. By developing this model, we explained how 

hydrological and socio-political factors can lead to cooperation in this basin. The main findings of 

this study are as follows: 

• Ethiopia experienced two general trends in cooperation dynamics: (1) fluctuations in its 

willingness to cooperate between 1983 and 2009 and (2) a decreasing willingness to 

cooperate between 2009 and 2016. The ENSH model showed that the socio-political 

factors (i.e., relative political stability and foreign direct investment) can explain these two 

different trends, along with Ethiopia’s food and energy gaps. Also, learning from the 

simulation of Ethiopia’s past behavior, we argued that a very low value of willingness to 

cooperate can lead to “free rider” behavior, where riparian countries focus more on 

unilateral projects rather than on multilateral ones. 

• The ENSH model shows an important pattern in Sudan’s willingness to cooperate between 

2003 and 2008, which dropped to its lowest value before recovering by 2008. Our model 

indicated that the 2008 food crisis (i.e., Sudan’s food gap) may account for Sudan 

recovering its willingness to cooperate.   

• The ENSH model shows the role of Egypt’s political (in)stability in its willingness to 

cooperate. A negotiation deadlock occurred in 2007, but because Egypt later entered a 

politically unstable phase, it returned to the negotiations years later.  

• The ENSH model can be coupled with a water resources model to explore the evolution of 

cooperation pathways among the riparian countries affected by the GERD operation. This 

framework can help future studies by revealing the actions that may fuel conflict in the 

basin.   

The ENSH model was an initial attempt to quantify and simulate riparian countries’ willingness 

to cooperate and basin-wide cooperation for a complex hydrological and socio-political system of 

the ENB. In this regard, we acknowledge that our results and interpretations are constrained by the 

model’s conceptualization and assumptions. Although we built our ENSH model using social 

theories, future studies could employ other social theories and hypotheses, thus, assessing the 

validity of the model structure. Our model conceptualization required several model parameters 

and assumptions, which can impose large uncertainty on the model outputs due to socio-

hydrological data limitations. These assumed parameters include multiplicative and additive 

weights for riparian countries’ decision making, the memory size, the number of strategies, and 

past countries’ memory of basin cooperation. Although these assumptions were grounded in the 

literature on the Nile Basin and socio-hydrology studies, future studies need to carefully enhance 

the model parameterization through data collection. A large number of our model parameters can 

also pose a challenge to any calibration process, which was out of the scope of this research. In 

fact, future research needs to conduct a global sensitivity analysis on the ENSH model to indicate 

the most and least sensitive parameters for over-fitting issues in the calibration process. 
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Chapter 5 

Summary, Conclusions and Future Directions 

5.1 Summary and Conclusions  

This thesis was an attempt to provide a better understanding of coupled human and hydrological 

systems in different regions and at different scales by investigating feedback mechanisms and 

important socio-hydrological factors for two phenomena: (1) the agricultural rebound phenomenon 

and (2) cooperation and conflict phenomena. The understanding of these phenomena can pave the 

way for proposing practical water management strategies and a socio-hydrological framework that 

policymakers can use to avoid unintended water management consequences in future water 

planning. To gain this improved understanding, two case studies were chosen: (1) The Bow River 

Basin (BRB) in Alberta, Canada and (2) the Eastern Nile Basin (ENB) in Africa, which includes 

Ethiopia, Sudan, and Egypt. These two case studies with completely different environments 

enabled this research to conceptualize socio-hydrological systems at different scales, which would 

enable future research to search for potential generic social processes that dominate in various 

hydrological systems. Also, the specific findings of each case study might be transferable to other 

similar case studies. 

In Chapter 2, an agricultural water demand model was developed to capture a feedback 

mechanism influencing potential rebound phenomenon in the BRB. In this chapter, to assess the 

effects of modernizing irrigation systems and changing cropping patterns on agricultural water 

demands, an agent-based agricultural water demand (ABAD) model was developed, followed by 

a calibration and validation process with a satisfactory performance. This model showed how 

farmers’ attitudes toward profits, risk aversion, environmental protection, social interaction, and 

irrigation expansion explain the dynamics of the water demand. In fact, the ABAD model showed 

that water conservation through modernizing irrigation systems may paradoxically increase 

agricultural water demand after an initial decrease (i.e., the agricultural rebound phenomenon) 

because the saved water can motivate farmers to expand their irrigation to increase their profits.  

Using the developed ABAD model, in Chapter 3, the influential socio-economic factors in the 

long-term agricultural water demand dynamics and potential rebound phenomenon were 

presented. A time-varying variance-based Global Sensitivity Analysis (GSA) was used with the 

ABAD model to examine the individual effects of the factors, as well as their joint effects on the 

potential rebound phenomenon in the BRB. Based on the results of the time-varying GSA, 

different strategies were explored to avoid the agricultural rebound phenomenon. The GSA 

analysis revealed that a set of the model parameters (i.e., the economics group: means of normal 

distributions of past profit, future profit, risk aversion, and conservation policy), social interaction 

among farmers, and irrigation expansion play a significant role in the rebound phenomenon. Due 

to the role of the economics group, generating new breeds of high-value crops with relatively less 

water demand was suggested as a strategy to avoid the rebound phenomenon. The importance of 

the social interaction factor calls for heightening community awareness about their water use to 
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control rebound phenomenon. Also, the large long-term effect of the irrigation expansion 

highlights the importance of restrictions on irrigated areas and farmers’ water rights to discourage 

the overuse of saved water by farmers, thus, in turn, preventing the rebound phenomenon. 

Switching from a local scale and agricultural context to a large scale and an international 

transboundary river, in Chapter 4, a socio-hydrological model was developed to represent 

feedback mechanisms that might lead to the emergence of conflict and cooperation phenomena for 

the ENB. This model, called the Eastern Nile Socio-Hydrological (ENSH) model, quantified and 

simulated the riparian countries’ willingness to cooperate in the ENB and the basin-wide 

cooperation dynamics. The ENSH model was verified by qualitative data and narratives in the 

basin. The ENSH model explained a high level of Ethiopia’s willingness to cooperate between 

1983 and 2009 by its relatively low political stability, low foreign direct investments, and high 

food and energy gaps. The ENSH model indicated that the 2008 food crisis in Sudan may account 

for Sudan’s increasing willingness to cooperate. Also, the ENSH model shows the role of Egypt’s 

relative political instability during the Arab Spring in its increasing willingness to cooperate. By 

simulating basin-wide cooperation, this model depicts that the long-standing mistrust among the 

riparian countries may reduce basin-wide cooperation. A framework was ultimately proposed to 

show how the ENSH model can be fully coupled with a water resources model to explore the 

evolution of cooperation pathways among the ENB countries as affected by the Grand Ethiopian 

Renaissance Dam (GERD) operation.  

 

5.2 Research Contributions  

This thesis contributed toward filling an important research gap in socio-hydrology on a tenuous 

connection of socio-hydrology to broader research on social, economic, and policy aspects of water 

resources in two regions at different scales. In addition to a contribution to socio-hydrological 

modeling in general, this thesis was an attempt to contribute to agent-based modeling in particular. 

The detailed contributions associated with each study within the thesis can be written as follows:        

• In Chapter 2, unlike traditional water demand modeling with exogenous factors as 

scenarios, socio-economic factors were endogenized in the ABAD model, and feedback 

loops between human and hydrological systems were investigated to simulate long-term 

agricultural water demand and capture a potential rebound phenomenon in the BRB. In 

particular, to model agricultural water demand, the effects of water conservation policies 

(i.e., changing crop patterns and improving irrigation systems) were included in the ABAD 

model for irrigation water use. 

• In Chapter 3, it was demonstrated that a time-varying variance-based GSA can provide 

valuable information about the dynamical nature of the model behavior and comprehensive 

insights into the coevolutionary dynamics of a socio-hydrological system. This thesis 

showed how the results of GSA can be used to explore ways to avoid unintended 
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consequences of water management decisions (e.g., the agricultural rebound phenomenon) 

to support sustainable water management and communicate with policymakers.  

• In Chapter 4, a socio-hydrological model was developed to treat cooperation as an internal 

variable in the ENB. This was a novel approach because in most previous research studies 

on transboundary rivers, a set of scenarios for cooperation was prescribed as boundary 

conditions in the problem framing. In this thesis, cooperation and conflict were considered 

as dynamic phenomena that were hypothesized to arise due to the interaction of 

hydrological and socio-political factors. A socio-hydrological framework was ultimately 

proposed toward filling a gap in capturing the evolution of cooperation pathways among 

the riparian countries affected by the GERD operation. 

• This research showed the important role of qualitative data and narratives in validating the 

general dynamics of cooperation in the ENB with limited quantitative data (Chapter 4). 

• Using the Sobol method to conduct a GSA on ABAD, this thesis filled a gap in the explicit 

evaluation of interactions among socio-economic and hydrological factors in the complex 

socio-hydrological system of the BRB over time (Chapter 3).  

• This thesis showed how Agent-based modeling accounts for the uncertainty associated with 

human decision making in a socio-hydrological system in various contexts and at different 

scales (Chapters 2 and 4). In fact, given a limited understanding of human decision 

making, ABAD and ENSH simulated and captured two phenomena (i.e., rebound 

phenomenon and cooperation and conflict phenomena) through stochastic processes. 

Instead of using deterministic differential equations, the application of Agent-based 

modeling filled a gap associated with the uncertainty of human decision making in socio-

hydrology.  

Finally, by developing socio-hydrological models with two case studies representing various 

scales, this thesis was also an attempt to shed light on the similarities and differences in socio-

hydrological systems in different contexts and scales: 

• The model conceptualizations in Chapters 2 and 4 showed that similar socio-hydrological 

factors can be found in the BRB and ENB models with different scales. In fact, social 

memory was found as an important social factor in decision-making processes in both 

agricultural water use in the BRB and willingness to cooperate in the ENB.  

• The BRB and ENB models showed how interactions between agents (i.e., farmers in the 

BRB and countries in the ENB) can highlight a similar property in complex socio-

hydrological systems at different scales (Chapters 2 and 4). ABAD model showed that 

farmers in the BRB learn from each other to conserve water through social interactions, 

which affect their decisions regarding water conservation (i.e., changing crop patterns and 

improving irrigation systems). At a large scale, the interaction of agents was reflected in a 
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riparian country’s trust in other countries. In fact, countries’ willingness to cooperate was 

affected by their memory of other countries’ cooperation status in the past.   

 

5.3 Limitations  

The results of this thesis are constrained by the structure, assumptions, and simplifications of the 

ABAD and ENSH models. The limitations of these models can be summarized as follows: 

• Although both ABAD and ENSH models used general social theories to capture human 

decision making, translating these theories into mathematical equations required 

assumptions and subjective considerations, leading to uncertainty of the model outputs.  

• While the ABAD model reasonably covered the years before and after several droughts in 

the BRB, this model’s calibration and validation were limited to a relatively short 

simulation period due to insufficient data. 

• The interpretations of the GSA results in the BRB are constrained by the structure, 

assumptions, and simplifications of the ABAD model, however, the interpretations are 

broadly consistent with the literature of the rebound phenomenon. 

• The interpretation of the rebound phenomenon in this research focused on the issue of 

water scarcity. However, from the economic perspective, this phenomenon may not always 

be a negative consequence as the irrigation expansion can lead to increased job 

opportunities and economic development. 

• The ENSH model suffers from limited calibration and validation. Quantitative data on 

cooperative events are sparse in transboundary rivers, therefore, the ENSH model was 

validated by narratives and qualitative data in the literature of the Nile River Basin. 

• The ENSH model conceptualization required several model parameters and assumptions, 

which can impose large uncertainty on the model outputs due to socio-hydrological data 

limitations. Having a large number of parameters in this model can also pose a challenge 

to any calibration process (e.g., over-fitting issues). 

• Although this research made the best use of previous studies, it is constrained by the 

scarcity of empirical evidence. This issue can pose a considerable uncertainty in 

investigating and parameterizing the socio-political factors in human decision-making 

processes of the agricultural rebound phenomenon and the cooperation phenomenon.   

 

5.4 Future Research  

This thesis has raised a few questions worthy of further future research: 

• Future studies could use other social theories (e.g., rational choice) and hypotheses in 

ENSH and ABAD models, thus, assessing which theories and model structures provide a 

better model performance to capture the observed human behavior. 
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• This research designed and discussed water management strategies to avoid rebound 

phenomenon from the perspective of water scarcity. However, when the rebound 

phenomenon is associated with increased water productivity, there can be trade-offs 

between increased water use and economic gains, which need to be investigated in future 

studies.  

• As the ENSH model has a large number of parameters, future research needs to conduct a 

global sensitivity analysis on this model to indicate the most and least sensitive parameters 

to contribute to two interesting areas: (1) diagnostic testing and (2) the design of water 

management strategies to mitigate conflicts in the ENB. When the results of the time-

varying sensitivity analysis are consistent with modelers’ perceptions of how the system 

works, this understanding could be used as a qualitative model validation. For the second 

area, the understanding of the time-varying hydrological and socio-political factors can 

provide insights to explore long-term water management strategies to mitigate potential 

conflicts at the ENB. In this regard, future research could use the proposed socio-

hydrological framework to explore these water management strategies with the effect of 

the GERD operation. 

• Due to the lack of quantitative data on cooperation status in the ENB, future studies need 

to investigate a way to quantify the observed cooperation events for further calibration and 

validation of the ENSH model. Also, future research needs to conduct community surveys 

and direct stakeholder engagement to identify and measure the socio-economic and 

political factors in the agricultural rebound phenomenon and the cooperation phenomenon.  

• This thesis was a preliminary attempt to provide common principles and unique 

considerations in socio-hydrological modeling. Future studies need to further synthesize 

and compare different case studies at different scales to better identify common ground in 

socio-hydrological modeling. 
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Appendix A: Supplementary materials for Chapter 2 

A.1 Past Profit Calculation 

Following Dziubanski (2018) and Dziubanski et al. (2019), the past profit is formulated by a 

quadratic function as follows: 

 

 ∆𝐼𝑆_𝑃𝑃 t = (𝐴 ∗  𝑁𝐼𝑇𝑒𝑐ℎ𝑡
2 + 𝐵 ∗  𝑁𝐼𝑇𝑒𝑐ℎ𝑡 + 𝐶) ∗𝑊𝑐 ∗ (𝐼𝑆𝑓,𝑡)  (A.1) 

 

 ∆𝐴_𝑃𝑃 t = (𝐴′  ∗  𝑁𝐼𝐶𝑟𝑜𝑝𝑡
2 + 𝐵′ ∗  𝑁𝐼𝐶𝑟𝑜𝑝𝑡 + 𝐶

′) ∗ 𝑊𝑐 ∗ (𝐴𝑡𝑜𝑡,𝑡)  (A.2) 

 

where 𝑁𝐼𝑇𝑒𝑐ℎ𝑡 (Can$/ha) is the net income from adopting 1 ha of sprinklers at the current year, 

𝑊𝑐 is the degree to which an agent is following the conservation target of the program (Water for 

Life program in Alberta), and 𝑁𝐼𝐶𝑟𝑜𝑝𝑡 (Can$/ha) is the net income from irrigating 1 ha of forage 

crops versus the other crops (oil seeds, cereals, and specialty) at the current year.  

 

The first terms in Equations A.1-A.2 are quadratic functions (Ax2+Bx+C=y). To find the 

coefficients (A, B, and C), we need to solve three equations simultaneously. Following Dziubanski 

(2018) and Dziubanski et al. (2019), these three equations are based on statistics (the first, the 

second, and the third quartile) of historical 𝑁𝐼𝑇𝑒𝑐ℎ𝑡. Based on the historical 𝑁𝐼𝑇𝑒𝑐ℎ𝑡, Equations 

S3-S8 show how to calculate the coefficients, namely A’, B’, and C’. The other coefficients can 

be calculated in a similar way. 

 

If an agent observes a positive net income at the current year, the coefficients are calculated as 

follows: 

 

  𝐴′(𝑃𝑁𝐼3)
2 + 𝐵′(𝑃𝑁𝐼3) + 𝐶

′ = 1 (A.3) 

 

  𝐴′(𝑃𝑁𝐼2)
2 + 𝐵′(𝑃𝑁𝐼2) + 𝐶

′ = 0.5 (A.4) 

 

  𝐴′(𝑃𝑁𝐼1)
2 + 𝐵′(𝑃𝑁𝐼1) + 𝐶

′ = 0 (A.5) 

 

where 𝑃𝑁𝐼3, 𝑃𝑁𝐼2 and 𝑃𝑁𝐼1 (Can$/ha) are the third, the second, and the first quartile of the 

positive historic income from the start to the past year in the model.  
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If an agent observes a negative net income at the current year, the coefficients are calculated as 

follows: 

 

  𝐴′(𝑁𝑁𝐼3)
2 + 𝐵′(𝑁𝑁𝐼3) + 𝐶

′ = 0 (A.6) 

 

  𝐴′(𝑁𝑁𝐼2)
2 + 𝐵′(𝑁𝑁𝐼2) + 𝐶

′ = −0.5 (A.7) 

 

  𝐴′(𝑁𝑁𝐼1)
2 + 𝐵′(𝑁𝑁𝐼1) + 𝐶

′ = −1 (A.8) 

 

where 𝑁𝑁𝐼3, 𝑁𝑁𝐼2 and 𝑁𝑁𝐼1 (Can$/ha) are the third, the second, and the first quartile of the 

negative historic income from the start to the past year in the model. 

 

A.2 Design of Analysis, Data, and Result 

 

 

Figure A.1 Bow River Basin, Alberta, Canada (Reprinted from (Turner et al., 2005)) 

 

 

Table A.1 The items of production costs for forage and other crops based on the Government of 

Alberta (Source: https://open.alberta.ca/publications/agriprofit-cost-and-return-benchmarks-for-

crops-and-forages-irrigated-soil-zone) 

Total production costs 

https://open.alberta.ca/publications/agriprofit-cost-and-return-benchmarks-for-crops-and-forages-irrigated-soil-zone
https://open.alberta.ca/publications/agriprofit-cost-and-return-benchmarks-for-crops-and-forages-irrigated-soil-zone
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Cost Items Seed 

Fertilizer 

Chemical 

Hail/Crop Insurance Premium 

Trucking and Marketing 

Fuel 

Irrigation Fuel and Electricity 

Repairs - Machinery 

Repairs - Buildings 

Utilities and Miscellaneous 

Custom Work 

Operating Interest Paid 

Paid Labour 

Unpaid Labour 

Variable Costs Cash/ Share Land Rent 

Taxes, Water Rates, License & Ins 

Equipment and Building (Depreciation and Lease Payments) 

 

 

 

Table A.2 The ranges of the ABAD model parameters for sensitivity analysis 

Parameters Lower Bound Upper Bound 

𝜇𝑟𝑎
 0 1 

𝜇𝑝𝑝 0 1 

𝜇𝑓𝑝 0 1 

𝜇𝑒 0 1 

𝜇𝑠 0 1 

𝜇𝑐  0 0.02 

𝜇𝑖𝑒 0 0.005 

𝜎𝑟𝑎 0 0.3 

𝜎𝑝𝑝 0 0.3 

𝜎𝑓𝑝 0 0.3 

𝜎𝑒 0 0.3 

𝜎𝑠 0 0.3 

𝜎𝑐 0 0.01 

𝜎𝑖𝑒 0 0.01 

 

 

Table A.3 The ranges of the ABAD model parameters for the sensitivity analysis 

Parameters Lower Bound Upper Bound 

𝜇𝑟𝑎
 0 1 

𝜇𝑝𝑝 0 1 

𝜇𝑓𝑝 0 1 

𝜇𝑒 0 1 
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𝜇𝑠 0 1 

𝜇𝑐  0 0.02 

𝜇𝑖𝑒 0 0.005 

𝜎𝑟𝑎 0 0.1 

𝜎𝑝𝑝 0 0.1 

𝜎𝑓𝑝 0 0.1 

𝜎𝑒 0 0.1 

𝜎𝑠 0 0.1 

𝜎𝑐 0 0.01 

𝜎𝑖𝑒 0 0.01 

 

 

 

Table A.4 The new setting for parameter sensitivity analysis of the ABAD model with seven 

parameters 

Parameters Lower Bound Upper Bound 

𝜇𝑟𝑎
              0 1 

𝜇𝑝𝑝              0 1 

𝜇𝑓𝑝              0 1 

𝜇𝑒              0 1 

𝜇𝑠              0 1 

𝜇𝑐               0 0.02 

𝜇𝑖𝑒              0 0.005 
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Figure A.2 Parameter sensitivity analysis of the ABAD model versus star number based on 

IVARS50 with new ranges for standard deviations: Rank 1 represents the most influential 

parameter, while rank 14 represents the least influential parameter. Here, the global sensitivity of 

NSE (Water Demand) to the model parameters is assessed. 
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Appendix B: Supplementary materials for Chapter 3 

B.1 ABAD Model Components 

Table B.1 Summary of the main equations, variables, and factors in the ABAD model 

Model 

Component 
Equation Variables/Factors 

Farmer’s 

decision on 

adopting 

sprinkler 

∆𝐼𝑆𝑠,𝑡 =  𝑊𝑟𝑎(∆𝐼𝑆𝑠,𝑡−1)

+ 𝑊𝑝𝑝(∆𝐼𝑆𝑠,𝑡−1 + ∆𝐼𝑆_𝑃𝑃 t )

+ 𝑊𝑓𝑝(∆𝐼𝑆𝑠,𝑡−1 + ∆𝐼𝑆_𝐹𝑃 t )

+𝑊𝑒(∆𝐼𝑆𝑠,𝑡−1 + ∆𝐼𝑆_𝐸 t )

+𝑊𝑠(∆𝐼𝑆_𝑆 t ) 

(1) 

∆𝐼𝑆𝑠,𝑡 (ha): the change in a farmer’s land area 

that is switched to sprinklers 

 

𝑊𝑟𝑎 (−): the weight for risk aversion factor 

 

𝑊𝑝𝑝 (−): the weight for past profit factor 

 

∆𝐼𝑆_𝑃𝑃 t  (ha): the change in a farmer’s land 

area that is intended to switch to sprinklers 

given an individual’s past gross margin 

 

𝑊𝑓𝑝  (−): the weight for future profit factor 

 

∆𝐼𝑆_𝐹𝑃 t  (ha): the change in a farmer’s land 

area that is intended to switch to sprinklers 

given the expected gross margin 

 

𝑊𝑒 (−): the weight for environmental 

protection factor 

 

∆𝐼𝑆_𝐸 t : (ha) is the change in a farmer’s land 

area that is intended to switch to sprinklers 

given the environmental protection factor 

 

𝑊𝑠 (−): the weight for social interaction factor 

 

∆𝐼𝑆_𝑆 t  (ha): the change in a farmer’s land 

area that is intended to switch to sprinklers 

given the social interaction 

 

𝐼𝑆𝑡𝑜𝑡,𝑡 (ha): the total farmer’s irrigated area 

under irrigation system 

 

𝐼𝑆𝑠,𝑡 (ha): the total farmer’s irrigated area 

under sprinkler irrigation system 

 

𝐼𝑆𝑓,𝑡 (ha): the total farmer’s irrigated area 

under flood irrigation system 

𝐼𝑆𝑠,𝑡 = ∑∆𝐼𝑆𝑠,𝑡

t

t=t0

 (2) 

𝐼𝑆𝑡𝑜𝑡,𝑡 =  𝐼𝑆𝑠,𝑡 + 𝐼𝑆𝑓,𝑡 (3) 

  

Farmer’s 

decision on 

changing crop 

patterns 

∆𝐴𝑜,𝑡 = 𝑊𝑟𝑎(∆𝐴𝑜,𝑡−1)

+𝑊𝑝𝑝(∆𝐴𝑜,𝑡−1 + ∆𝐴_𝑃𝑃 𝑡 )

+𝑊𝑓𝑝(∆𝐴𝑜,𝑡−1 + ∆𝐴_𝐹𝑃 𝑡 )

+𝑊𝑒(∆𝐴𝑜,𝑡−1 + ∆𝐴_𝐸 𝑡 )

+ 𝑊𝑠(∆𝐴_𝑆 𝑡 )
+𝑊𝑖𝑒(∆𝐼𝑆𝑠,𝑡−1) 

(4) 

∆𝐴𝑜,𝑡 (ha): the change in a farmer’s land area 

that is intended to switch to other crops 

 

∆𝐴_𝑃𝑃 t  (ha): the change in a farmer’s land 

area that is intended to switch to other crops 

given an individual’s past gross margin 

 

∆𝐴_𝐹𝑃 t  (ha): the change in a farmer’s land 

area that is intended to switch to other crops 

given the expected gross margin 

 
𝐴𝑜,𝑡 = ∑ ∆𝐴𝑜,𝑡

𝑡

𝑡=𝑡0

 (5) 



95 
 

𝐴𝑡𝑜𝑡,𝑡 = 𝐴𝑜,𝑡 + 𝐴𝑓,𝑡 (6) 

∆𝐴_𝐸 t  (ha): the change in a farmer’s land area 

that is intended to switch to other crops given 

the environmental protection factor 

 

∆𝐴_𝑆 t  (ha): the change in a farmer’s land area 

that is intended to switch to other crops given 

the social interaction 

 

𝑊𝑖𝑒 (−): the percentage of the increase in 

annual irrigation for each agent 

 

𝐴𝑡𝑜𝑡,𝑡 (ha): the total farmer’s irrigated area 

 

𝐴𝑜,𝑡 (ha): the total farmer’s irrigated area 

under other crops 

 

𝐴𝑓,𝑡 (ha): the total farmer’s irrigated area under 

forage 

  

Farmer’s 

decision 

given the past 

gross margin  

𝑁𝐼𝑇𝑒𝑐ℎ𝑡 = 𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒𝑡 + 𝑆𝑢𝑏𝑠𝑖𝑑𝑦 − 𝐶𝑜𝑠𝑡𝑇𝑒𝑐ℎ (7) 

𝑁𝐼𝑇𝑒𝑐ℎ𝑡 (Can$/ha): the net gain in income 

from adopting 1 ha of sprinklers at the current 

year (i.e., opportunity cost) 

 

𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒𝑡 (Can$/ha): the incentive to an 

individual farmer for adopting sprinklers (i.e., 

the opportunity for irrigating specialty) 

 

𝑆𝑢𝑏𝑠𝑖𝑑𝑦 (Can$/ha): the financial support of 

the adoption of sprinklers by the government 

 

𝐶𝑜𝑠𝑡𝑇𝑒𝑐ℎ (Can$/ha): the installed cost for 

adopting sprinklers 

𝑈(): a uniform distribution 

 

 

𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦  (Can$/Ton): the price for 

cereals at the previous year 

 

𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦 (Ton/ ha): the crop yield for 

the cereals at the previous year 

 

𝐶𝑜𝑠𝑡𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦 (Can$/ha): the production 

cost for the cereals at the previous year 

 

𝑁𝐼𝐶𝑟𝑜𝑝𝑡 (Can$/ha): the net gain in income 

from irrigating 1 ha of forage crops versus the 

other crops (oil seeds, cereals, and specialty) at 

the current year (i.e., opportunity cost) 

 

𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 (Can$/ha): the gross 

margin of 1 ha of forage 

 

𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑂𝑡ℎ𝑒𝑟𝐶𝑟𝑜𝑝𝑠 (Can$/ha): the 

gross margin of 1 ha of the crops, namely 

specialty, cereals and oil seeds at the previous 

year 

 

𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠 (Can$/Ton): the price for 

cereals at the previous year 

 

𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠 (Ton/ ha): the crop yield for 

the cereals at the previous year 

𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒𝑡 = 𝑈(0,1) × (𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦
∗ 𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦
− 𝐶𝑜𝑠𝑡𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦) 

(8) 

𝑁𝐼𝐶𝑟𝑜𝑝𝑡 =  𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑂𝑡ℎ𝑒𝑟𝐶𝑟𝑜𝑝𝑠
− 𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 

(9) 

𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑂𝑡ℎ𝑒𝑟𝐶𝑟𝑜𝑝𝑠

=
1

3
(𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦

∗ 𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦
− 𝐶𝑜𝑠𝑡𝑡−1,𝑠𝑝𝑒𝑐𝑖𝑎𝑙𝑡𝑦
+ 𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠
∗ 𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠
− 𝐶𝑜𝑠𝑡𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠           
+ 𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠
∗ 𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠
− 𝐶𝑜𝑠𝑡𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠) 

(10) 

𝐺𝑟𝑜𝑠𝑠𝑀𝑎𝑟𝑔𝑖𝑛𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒
=  𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒
∗ 𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒
− 𝐶𝑜𝑠𝑡𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 

 

(11) 
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𝐶𝑜𝑠𝑡𝑡−1,𝑐𝑒𝑟𝑒𝑎𝑙𝑠 (Can$/ha): the production cost 

for the cereals at the previous year 

 

𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠 (Can$/Ton): the price for 

oilseeds at the previous year 

 

𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠 (Ton/ ha): the crop yield for 

the oilseeds at the previous year  

 

𝐶𝑜𝑠𝑡𝑡−1,𝑜𝑖𝑙𝑠𝑒𝑒𝑑𝑠 (Can$/ha): the production cost 

for the oilseeds at the previous year  

 

𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 (Can$/Ton): the price for 

forage at the previous year 

 

𝑌𝑖𝑒𝑙𝑑𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 (Ton/ ha): the crop yield for 

the forage at the previous year  

 

𝐶𝑜𝑠𝑡𝑡−1,𝑓𝑜𝑟𝑎𝑔𝑒 (Can$/ha): the production cost 

for the forage at the previous year 

Farmer’s 

decision 

given the 

environmental 

protection 

 

∆𝐼𝑆_𝐶 𝑡 = 𝑊𝑐 ∗ (𝐼𝑆𝑡𝑜𝑡,𝑡) (12) 𝑊𝑐 (−): the degree to which an agent is 

following the conservation target of the 

program  

 

 ∆𝐴_𝐶 𝑡 = 𝑊𝑐 ∗ (𝐴𝑡𝑜𝑡,𝑡) (13) 

Farmer’s 

decision 

given the 

social 

interaction 

 

∆𝐼𝑆_𝑆 𝑡 =

(

 
 ∑ ∆𝐼𝑆𝑠,𝑡−1,𝑘

𝑚

𝑘=1

∑ ∆𝐼𝑆𝑠,𝑡−1,𝑗
𝑛

𝑗=1 )

 
 
∗ 𝐼𝑆𝑡𝑜𝑡,𝑡 (14) 𝑘 and j: the neighbors and agents, respectively 

 

(
∑𝑚k=1
∑𝑛j=1

) stands for the ratio of an individual’s 

decision (on changing crops or adopting 

sprinklers) to all other individuals’ decisions. ∆𝐴_𝑆 𝑡 =

(

 
 ∑ ∆𝐴𝑜,𝑡−1,𝑘

𝑚

𝑘=1

∑ ∆𝐴𝑜,𝑡−1,𝑗
𝑛

𝑗=1 )

 
 
∗ 𝐴𝑡𝑜𝑡,𝑡 (15) 

Agricultural 

water demand 

𝐸𝑇0

=
0.408∆(𝑅𝑛 − 𝐺) + 𝛾

900
𝑇 + 273

𝑈2(𝑒𝑠 − 𝑒𝑎)

∆ + 𝛾(1 + 0.34𝑈2)
 

(16) 𝑅𝑛 (MJ/m2.day): net radiation at the crop 

surface 

 

𝐺 (MJ/m2.day): soil heat flux density 

 

𝛾 (kPa/°C): psychometric constant 

T (°C): mean daily air temperature at 2 m 

height 

𝑈2 (m/s): the wind speed at 2 m height 

 

𝑒𝑠 (kPa): saturation vapor pressure 

 

𝑒𝑎 (kPa): actual vapor pressure 

 

∆ (kPa/°C):  the slope of the vapor  

pressure curve 

 

𝐾𝑐  (−): the crop coefficient 

 

𝐸𝑇𝑐 = 𝐾𝑐 × 𝐸𝑇0 (17) 

𝑊𝐷𝑐,𝑡 = 𝐸𝑇𝑐,𝑡 − 𝑃𝑒𝑓𝑓,𝑡 (18) 

𝑇𝑜𝑡𝑎𝑙𝑊𝐷𝑡 = 𝛽 ×
∑ 𝑊𝐷𝑐,𝑡
2
𝑐=1 × 𝐴𝑐,𝑡

𝐼𝐸𝑡
 

(19) 

𝐼𝐸𝑡 = (
𝐼𝐸𝑓 × 𝐼𝑆𝑓,𝑡 + 𝐼𝐸𝑠 × 𝐼𝑆𝑠,𝑡

𝐼𝑆𝑡𝑜𝑡,𝑡
) 

(20) 
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𝑇𝑜𝑡𝑎𝑙𝑊𝐷𝑡 (MCM/month): the simulated total 

agricultural water demand of the river basin in 

a million m3 

 

𝐴𝑐,𝑡 (ha): the crop area (i.e., forage or other 

crops) 

 

𝐼𝐸𝑓 (−): the flood irrigation system efficiency 

 

𝐼𝐸𝑠 (−): the sprinkler system efficiency 

 

𝐼𝐸𝑡 (−): the total efficiency, with 𝛽 is the 

conversion factor 10−5
𝑀𝐶𝑀

𝑚𝑚.𝐻𝑒𝑐𝑡𝑎𝑟𝑒
 

 

 

B.2 Stability and Convergence of GSA Results 

Because the accuracy of the estimated variance-based GSA indices varies by changing the number 

of model evaluations (or sample size), it is crucial to monitor the stability and convergence of the 

GSA results. To achieve an optimal performance of the GSA analysis, we performed the estimation 

of the Sobol indices using progressively increasing numbers of model evaluations (from 20,000 to 

200,000 sample size). Figure B.1 shows the convergence of the GSA results versus the number of 

model executions in the year 2010, as an example. Figure B.1 indicates the high stability for the 

total-order effect in the year 2010 over the different number of model executions; however, the 

relative importance of rankings become stable after 840,000 model executions (Figure B.1). 

Therefore, Figure B.1 demonstrates that reliable results were achieved with 1,400,000 model 

executions for our analysis. We used the results of the last experiment, with 1,400,000 model 

executions in this study. 

 

 

Figure B.1. a) The convergence of the estimated total-order effect (𝑆𝑇𝑖) b) the convergence of the 

factor rankings (1 is the most important factor, and 5 is the least important factor) versus the 

number of model executions in 2010 on the rebound index to the socio-economic factors and the 

pre-specified groups of the factors in the BRB, by sampling across the potential ranges of the 

ABAD model’s factors 
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Table B.2. A summary of the main findings, implications for sustainable water management, and 

comparisons with the literature   

Factor (or a 

group of 

factors) 

Main Findings Implications for 

Sustainable Water 

Management 

Comparisons with 

Findings in the 

Literature 

Economics 

group 

- This group is the 

most important 

element in the 

rebound 

phenomenon. 

- This group has 

considerable 

interactions with 

other factors. 

- The importance of 

the economics 

group increases 

over time.  

- Switching to crops 

needing less water 

after improving 

irrigation systems. 

- Previous studies 

have indicated that 

planting crops 

requiring less water 

would avoid the 

rebound 

phenomenon (Food 

and Agriculture 

Organization 

(FAO), 2017; 

Huffaker, 2008; 

Pfeiffer & Lin, 

2014).  

Social 

Interaction 

- The social 

interaction factor 

has a critical role in 

the rebound 

phenomenon, with 

high interactions 

with other factors.  

- Fostering farmers’ 

knowledge about the 

average water use in 

their community 

could be a means to 

avoiding the rebound 

phenomenon through 

community 

participation. 

- Ramirez (2013) 

showed the strong 

influence of social 

networks on 

agricultural 

technology 

adoption.  

- Community-based 

solutions attract 

attention in less 

developed 

countries (Wutich 

et al., 2014). 

- Improving 

community 

awareness is key 

for community 

involvement and 

prosperity (Portes, 

2000; Putnam, 

1993). 

- Improving farmers’ 

knowledge of the 

average water use 

in their community 

can reduce water 

use (Le Coent et 

al., 2017).    
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Irrigation 

Expansion 

- Irrigation expansion 

is one of the 

influential long-

term elements in the 

rebound 

phenomenon. 

- This factor becomes 

increasingly 

important over the 

long term. 

  

- Reducing farmers’ 

water rights and 

irrigating crops at a 

deficit: after 

improvements in 

irrigation systems, 

the water allocation 

should be reassigned 

to achieve 

environmental goals. 

- Restricting irrigated 

areas: no irrigation 

expansion should be 

allowed after 

improvements in 

irrigation systems. 

 

- Studies have 

shown that 

irrigation 

expansion is one of 

the main reasons 

for the rebound 

phenomenon and 

proposed 

restrictions on 

water rights and 

land area as 

solutions (Berbel & 

Mateos, 2014; 

Berbel et al., 2014; 

Food and 

Agriculture 

Organization 

(FAO), 2017; 

Huffaker, 2008; 

Pfeiffer & Lin, 

2014; Ward & 

Pulido-Velazquez, 

2008). 
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Appendix C: Supplementary materials for Chapter 4 

C.1 Political Stability 

Table C.1 Individual variables and corresponding data sources to measure political stability 

index (Worldwide Governance Indicators, 2021) 

Variables Sources 

Orderly transfers 

Economist Intelligence Unit Risk Wire & 

Democracy Index 

Armed conflict 

Violent demonstrations 

Social unrest 

International tensions / terrorist threat 

Political terror scale 
Cingranelli Richards Human Rights Database 

and Political Terror Scale 

Security risk rating iJET Country Security Risk Ratings 

Intensity of internal conflicts: ethnic, religious 

or regional 

Institutional Profiles Database 
Intensity of violent activities of underground 

political organizations 

Intensity of social conflicts (excluding 

conflicts relating to land) 

Government stability 

Political Risk Services International Country 

Risk Guide 

Internal conflict 

External conflict 

Ethnic tensions 

Protests and riots 

Global Insight Business Conditions and Risk 

Indicators 
Terrorism 

Interstate war 

 

 

 

 



101 
 

References  

2017 Annual Report of Agroclimate Conditions Across Canada - Agriculture and Agri-Food 

Canada (AAFC). (2017). Retrieved December 25, 2018, from 

http://www.agr.gc.ca/eng/programs-and-services/drought-watch/2017-annual-report-of-

agroclimate-conditions-across-canada/?id=1519400741748 

Abdelkader, A., & Elshorbagy, A. (2021). Future pathways of water, energy, and food in the 

Eastern Nile Basin. Retrieved from https://usaskca1-

my.sharepoint.com/:b:/g/personal/ame312_usask_ca/EbNPEOhtL3pFukGhXmVqZbEBJRF

D2w4sXLoz46zgKJIRZA?e=aF6OkB 

Abdelkader, A., Elshorbagy, A., Tuninetti, M., Laio, F., Ridolfi, L., Fahmy, H., & Hoekstra, A. 

Y. (2018). National water, food, and trade modeling framework: The case of Egypt. Science 

of the Total Environment, 639, 485–496. https://doi.org/10.1016/j.scitotenv.2018.05.197 

Abdul Latif Jameel Water and Food Systems Lab. (2014). The Grand Ethiopian Renaissance 

Dam: An Opportunity for Collaboration and Shared Benefits in the Eastern Nile Basin. 

Massachusetts Institute of Technology. Retrieved from 

https://jwafs.mit.edu/publications/2014/grand-ethiopian-renaissance-dam-opportunity-

collaboration-and-shared-benefits 

Abtew, W., & Melesse, A. M. (2014). The Nile River Basin. In Nile River Basin (pp. 7–21). 

Springer. 

Acuna, D., & Schrater, P. (2008). Bayesian modeling of human sequential decision-making on 

the multi-armed bandit problem. In Proceedings of the 30th annual conference of the 

cognitive science society (Vol. 100, pp. 200–300). Washington, DC: Cognitive Science 

Society. 

Agreement on Declaration of Principles between the Arab Republic of Egypt, The Federal 

Democratic Republic of Ethiopia,  and the R. of the S. on the G. E. R. D. P. (2015). 

Agreement on Declaration of Principles between the Arab Republic of Egypt, The Federal 

Democratic Republic of Ethiopia, and the Republic of the Sudan on the Grand Ethiopian 

Renaissance Dam Project. Signed at Khartoum, Sudan. Retrieved from 

https://www.internationalwaterlaw.org/documents/regionaldocs/Final_Nile_Agreement_23_

March_2015.pdf 

Agriculture and Forestry. (2015). Alberta Irrigation Information. Lethbridge. Retrieved from 

https://open.alberta.ca/publications/3295832 

Alberta Agriculture and Forestry. (2017). Agriculture Statistics Yearbook (Vol. 2017). 

https://doi.org/10.1016/S0733-8619(03)00096-3 

Alberta Environment. (2006). Approved Water Management Plan for the South Saskatchewan 

River Basin ( Alberta ). Medicine. 

Alberta Environment. (2008). Water for Life: A Renewal. Retrieved from 

https://open.alberta.ca/dataset/16e373f7-35c6-438c-8028-b9ab7e3e2fee/resource/bd7930bf-

da3b-449a-8630-ef0b11dde99e/download/waterforlife-renewal-nov2008.pdf 

Alberta Irrigation Projects Association (AIPA). (2015). Irrigation Sector 2005-2015 



102 
 

Conservation, Efficiency, Productivity Report. Retrieved from http://www.aipa.ca/wp-

content/uploads/2013/11/AIPA-CEP-Final-Version-1.pdf 

Alberta Queen’s Printer. (2000). Water Act, 135. 

AMEC Earth & Environment. (2009). South Saskatchewan River Basin in Alberta Water Supply 

Study Volume 2: Technical Memoranda, 2(December), 175. 

An, L. (2012). Modeling human decisions in coupled human and natural systems: Review of 

agent-based models. Ecological Modelling, 229, 25–36. 

https://doi.org/10.1016/j.ecolmodel.2011.07.010 

An, L., Linderman, M., Qi, J., Shortridge, A., & Liu, J. (2005). Exploring Complexity in a 

Human–Environment System: An Agent‐Based Spatial Model for Multidisciplinary and 

Multiscale Integration. Annals of the Association of American Geographers, 95(1), 54–79. 

Anderson, N. H. (1965). Averaging versus adding as a stimulus-combination rule in impression 

formation. Journal of Experimental Psychology, 70(4), 394. 

Arbuckle Jr, J. G. (2013). Farmer attitudes toward proactive targeting of agricultural 

conservation programs. Society & Natural Resources, 26(6), 625–641. 

Arjoon, D., Mohamed, Y., Goor, Q., & Tilmant, A. (2014). Hydro-economic risk assessment in 

the eastern Nile River basin. Water Resources and Economics, 8, 16–31. 

Barnes, J. (2017). The future of the Nile : climate change , land use , infrastructure negotiations 

in a transboundary river basin, 8(April), 1–18. https://doi.org/10.1002/wcc.449 

Barreteau, O., Bousquet, F., Millier, C., & Weber, J. (2004). Suitability of Multi-Agent 

Simulations to study irrigated system viability: application to case studies in the Senegal 

River Valley. Agricultural Systems, 80(3), 255–275. 

Basheer, M., Wheeler, K. G., Ribbe, L., Majdalawi, M., Abdo, G., & Zagona, E. A. (2018). 

Quantifying and evaluating the impacts of cooperation in transboundary river basins on the 

Water-Energy-Food nexus: The Blue Nile Basin. Science of the Total Environment, 630, 

1309–1323. https://doi.org/10.1016/j.scitotenv.2018.02.249 

Becu, N., Perez, P., Walker, A., Barreteau, O., & Le Page, C. (2003). Agent based simulation of 

a small catchment water management in northern Thailand: description of the 

CATCHSCAPE model. Ecological Modelling, 170(2–3), 319–331. 

Berbel, J., Gutiérrez-Martín, C., Rodríguez-Díaz, J. A., Camacho, E., & Montesinos, P. (2014). 

Literature Review on Rebound Effect of Water Saving Measures and Analysis of a Spanish 

Case Study. Water Resources Management, 29(3), 663–678. 

https://doi.org/10.1007/s11269-014-0839-0 

Berbel, J., & Mateos, L. (2014). Does investment in irrigation technology necessarily generate 

rebound effects? A simulation analysis based on an agro-economic model. Agricultural 

Systems, 128, 25–34. 

Berger, T., & Troost, C. (2014). Agent‐based modelling of climate adaptation and mitigation 

options in agriculture. Journal of Agricultural Economics, 65(2), 323–348. 

Berglund, E. Z. (2015). Using agent-based modeling for water resources planning and 

management. Journal of Water Resources Planning and Management, 141(11), 4015025. 



103 
 

Bertella, M. A., Pires, F. R., Feng, L., & Stanley, H. E. (2014). Confidence and the stock market: 

An agent-based approach. PloS One, 9(1), e83488. 

Blackmore, D., & Whittington, D. (2008). Opportunities for cooperative water resources 

development on the eastern Nile: Risks and rewards. Report to the Eastern Nile Council of 

Ministers, Nile Basin Initiative, Entebbe. 

Block, P., & Strzepek, K. (2010). Economic analysis of large-scale upstream river basin 

development on the Blue Nile in Ethiopia considering transient conditions, climate 

variability, and climate change. Journal of Water Resources Planning and Management, 

136(2), 156–166. 

Booysen, M. J., Visser, M., & Burger, R. (2018). Temporal case study of household behavioural 

response to Cape Town’s “Day Zero” using smart meter data. Water Research. 

Bow River Basin Council. (2010). Bow River Basin State of the Watershed Summary. Retrieved 

from http://www.brbc.ab.ca/brbc-documents/publications/66-web-based-state-of-the-

watershed-2010-booklet 

Breyer, B., Zipper, S. C., & Qiu, J. (2018). Sociohydrological impacts of water conservation 

under anthropogenic drought in Austin, TX (USA). Water Resources Research, 54(4), 

3062–3080. 

Brown, D., & Robinson, D. (2006). Effects of heterogeneity in residential preferences on an 

agent-based model of urban sprawl. Ecology and Society, 11(1). 

Burke, D. S., Epstein, J. M., Cummings, D. A. T., Parker, J. I., Cline, K. C., Singa, R. M., & 

Chakravarty, S. (2006). Individual‐based computational modeling of smallpox epidemic 

control strategies. Academic Emergency Medicine, 13(11), 1142–1149. 

Burt, C. M., Clemmens, A. J., Strelkoff, T. S., Solomon, K. H., Bliesner, R. D., Hardy, L. A., … 

Eisenhauer, D. E. (1997). Irrigation performance measures: Efficiency and uniformity. 

Journal of Irrigation and Drainage Engineering, 123(6), 423–442. 

https://doi.org/10.1061/(ASCE)0733-9437(1997)123:6(423) 

Canadian Agricultural Partnership. (2019). Irrigation Efficiency. Retrieved January 2, 2019, 

from https://cap.alberta.ca/CAP/program/IRR_EFFICIENCY 

Cascão, A. E. (2009). Changing power relations in the Nile river basin: Unilateralism vs. 

cooperation? Water Alternatives, 2(2), 245–268. 

Cascão, A. E., & Nicol, A. (2016). GERD: new norms of cooperation in the Nile Basin? Water 

International, 41(4), 550–573. https://doi.org/10.1080/02508060.2016.1180763 

Castella, J.-C., Trung, T. N., & Boissau, S. (2005). Participatory simulation of land-use changes 

in the northern mountains of Vietnam: the combined use of an agent-based model, a role-

playing game, and a geographic information system. Ecology and Society, 10(1). 

CBC news. (2009). Parched Prairies: Latest drought a sign of things to come? - Canada - CBC 

News. Retrieved December 29, 2017, from http://www.cbc.ca/news/canada/parched-

prairies-latest-drought-a-sign-of-things-to-come-1.845429 

Centola, D. (2010). The spread of behavior in an online social network experiment. Science, 

329(5996), 1194–1197. 



104 
 

Chow, V. Te. (1964). Handbook of applied hydrology: a compendium of water-resources 

technology. New York (USA) McGraw-Hill. 

Ciullo, A., Viglione, A., Castellarin, A., Crisci, M., & Di Baldassarre, G. (2017). Socio-

hydrological modelling of flood-risk dynamics: comparing the resilience of green and 

technological systems. Hydrological Sciences Journal, 62(6), 880–891. 

Cohen, J. D., McClure, S. M., & Yu, A. J. (2007). Should I stay or should I go? How the human 

brain manages the trade-off between exploitation and exploration. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 362(1481), 933–942. 

Cooperative framework agreement on the Nile River Basin cooperative framework. (2010). 

Cooperative framework agreement on the Nile River Basin cooperative framework. Signed 

at Entebbe, Uganda. Retrieved from https://nilebasin.org/images/docs/CFA - English  

FrenchVersion.pdf 

Dagnino, M., & Ward, F. A. (2012). Economics of Agricultural Water Conservation: Empirical 

Analysis and Policy Implications. International Journal of Water Resources Development, 

28(4), 577–600. https://doi.org/10.1080/07900627.2012.665801 

Deb, K., Pratap, A., Agarwal, S., & Meyarivan, T. (2002). A fast and elitist multiobjective 

genetic algorithm: NSGA-II. IEEE Transactions on Evolutionary Computation, 6(2), 182–

197. 

Dessart, F. J., Barreiro-Hurlé, J., & Van Bavel, R. (2019). Behavioural factors affecting the 

adoption of sustainable farming practices: A policy-oriented review. European Review of 

Agricultural Economics, 46(3), 417–471. https://doi.org/10.1093/erae/jbz019 

Di Baldassarre, G., Viglione, A., Carr, G., Kuil, L., Salinas, J. L., & Blöschl, G. (2013). Socio-

hydrology: Conceptualising human-flood interactions. Hydrology and Earth System 

Sciences, 17(8), 3295–3303. https://doi.org/10.5194/hess-17-3295-2013 

Di Baldassarre, Giuliano, Kooy, M., Kemerink, J. S., & Brandimarte, L. (2013). Towards 

understanding the dynamic behaviour of floodplains as human-water systems. Hydrology 

and Earth System Sciences, 17(8), 3235. 

Di Baldassarre, Giuliano, Martinez, F., Kalantari, Z., & Viglione, A. (2017). Drought and flood 

in the Anthropocene: feedback mechanisms in reservoir operation. Earth System Dynamics, 

8(1), 1–9. 

Di Baldassarre, Giuliano, Sivapalan, M., Rusca, M., Cudennec, C., Garcia, M., Kreibich, H., … 

Blöschl, G. (2019). Sociohydrology: Scientific Challenges in Addressing the Sustainable 

Development Goals. Water Resources Research (Vol. 55). 

https://doi.org/10.1029/2018WR023901 

Di Baldassarre, Giuliano, Sivapalan, M., Rusca, M., Cudennec, C., Garcia, M., Kreibich, H., … 

Pande, S. (2019). Socio‐hydrology: Scientific Challenges in Addressing a Societal Grand 

Challenge. Water Resources Research. 

Di Baldassarre, Giuliano, Viglione, A., Carr, G., Kuil, L., Yan, K., Brandimarte, L., & Bloschl, 

G. (2015). Debates—Perspectives on socio-hydrology: Capturing feedbacks between 

physical and social processes Giuliano. Water Resour. Res., 51, 4770–4781. 

https://doi.org/10.1002/2014WR016416.Received 



105 
 

Di Baldassarre, Giuliano, Wanders, N., AghaKouchak, A., Kuil, L., Rangecroft, S., Veldkamp, 

T. I. E., … Van Loon, A. F. (2018). Water shortages worsened by reservoir effects. Nature 

Sustainability, 1(11), 617–622. https://doi.org/10.1038/s41893-018-0159-0 

Di Nunzio, J. (2013). Conflict on the Nile: The future of transboundary water disputes over the 

world’s longest river. Strategic Analysis Paper, Dalkeith: Future Directions International. 

Dia, H. (2002). An agent-based approach to modelling driver route choice behaviour under the 

influence of real-time information. Transportation Research Part C: Emerging 

Technologies, 10(5–6), 331–349. 

Diaz, H., Hurlbert, M., & Warren, J. (2016). VULNERABILITY AND ADAPTATION: The 

Canadian Prairies and South America. 

Digna, R. F., Mohamed, Y. A., van der Zaag, P., Uhlenbrook, S., van der Krogt, W., & Corzo, G. 

(2018). Impact of water resources development on water availability for hydropower 

production and irrigated agriculture of the Eastern Nile Basin. Journal of Water Resources 

Planning and Management, 144(5), 5018007. 

Dinar, A., Blankespoor, B., Dinar, S., & Kurukulasuriya, P. (2010). Does precipitation and 

runoff variability affect treaty cooperation between states sharing international bilateral 

rivers? Ecological Economics, 69(12), 2568–2581. 

Doorenbos, J., & Kassam, A. H. (1979). Yield Response to Water. FAO Irrigation and Drainage 

Paper No. 33. Rome, Italy. 

Drought in 20th Century Alberta. (2018). Retrieved December 24, 2018, from 

https://albertawater.com/history-of-drought-in-alberta/drought-in-20th-century-alberta 

Du, E., Cai, X., Sun, Z., & Minsker, B. (2017a). Exploring the Role of Social Media and 

Individual Behaviors in Flood Evacuation Processes: An Agent-Based Modeling Approach. 

Water Resources Research, 53(11), 9164–9180. https://doi.org/10.1002/2017WR021192 

Du, E., Cai, X., Sun, Z., & Minsker, B. (2017b). Exploring the Role of Social Media and 

Individual Behaviors in Flood Evacuation Processes: An Agent-Based Modeling Approach. 

Water Resources Research, 53(11), 9164–9180. https://doi.org/10.1002/2017WR021192 

Dziubanski, D, Franz, K. J., & Gutowski, W. (2019). Linking economic and social factors to 

peak flows in an agricultural  watershed using socio-hydrologic modeling. Hydrol. Earth 

Syst. Sci. Discuss., 2019, 1–55. https://doi.org/10.5194/hess-2019-484 

Dziubanski, David. (2018). Investigating the impacts of human decision-making and climate 

change on hydrologic response in an agricultural watershed. Iowa State University. 

Retrieved from https://lib.dr.iastate.edu/cgi/viewcontent.cgi?article=7581&context=etd 

Elshafei, Y., Sivapalan, M., Tonts, M., & Hipsey, M. R. (2014). A prototype framework for 

models of socio-hydrology: Identification of key feedback loops and parameterisation 

approach. Hydrology and Earth System Sciences, 18(6), 2141–2166. 

https://doi.org/10.5194/hess-18-2141-2014 

Elshafei, Yasmina, Tonts, M., Sivapalan, M., & Hipsey, M. R. (2016). Sensitivity of emergent 

sociohydrologic dynamics to internal system properties and external sociopolitical factors: 

Implications for water management. Water Resources Research, 52(6), 4944–4966. 



106 
 

Environment and Parks. (2017). Bow River Water Management Project : advice to Government 

on water management in the Bow River Basin. Edmonton. Retrieved from 

https://open.alberta.ca/publications/bow-river-water-management-project-advice-to-

government-on-water-management-in-the-bow-river-basin#summary 

Epstein, J. M. (1999). Agent-Based Computational Models And Generative Social Science, 4(5), 

41–60. 

Falkenmark, M. (1977). Water and mankind: a complex system of mutual interaction. Ambio, 3–

9. 

Falkenmark, M. (1979). Main problems of water use and transfer of technology. GeoJournal, 

3(5), 435–443. 

Ferraro, P. J., Miranda, J. J., & Price, M. K. (2011). The persistence of treatment effects with 

norm-based policy instruments: evidence from a randomized environmental policy 

experiment. American Economic Review, 101(3), 318–322. 

Food and Agriculture Organization. (1959). Agreement 1959. Retrieved October 21, 2019, from 

http://www.fao.org/3/w7414b/w7414b13.htm 

Food and Agriculture Organization (FAO). (2017). Does Improved Irrigation Technology Save 

Water ? Does Improved Irrigation Technology Save Water ? 

https://doi.org/10.13140/RG.2.2.35540.81280 

Food and Agriculture Organization Data. (2020a). Net foreign direct investment. Retrieved from 

http://www.fao.org/faostat/en/#data/FDI 

Food and Agriculture Organization Data. (2020b). Suite of Food Security Indicators. Retrieved 

from http://www.fao.org/faostat/en/#data/FS 

Food and Agriculture Organization of the United Nations (FAO). (1998). FAO Irrigation and 

drainage paper No. 56. Rome: Food and Agriculture Organization of the United Nations, 

56(97), e156. 

Ford, A., & Ford, F. A. (1999). Modeling the environment: an introduction to system dynamics 

models of environmental systems. Island press. 

Frank, R. H. (1987). If homo economicus could choose his own utility function, would he want 

one with a conscience? The American Economic Review, 593–604. 

Gandolfi, C., & Togni, D. (1997). Optimal flow allocation in the Zambezi River system. Water 

Resources Management, 11, 377–393. 

Garcia, M., Portney, K., & Islam, S. (2016a). A question driven socio-hydrological modeling 

process. Hydrology and Earth System Sciences, 20(1), 73–92. https://doi.org/10.5194/hess-

20-73-2016 

Garcia, M., Portney, K., & Islam, S. (2016b). A question driven socio-hydrological modeling 

process. Hydrology and Earth System Sciences, 20(1), 73–92. 

Gebrehiwot, T., & van der Veen, A. (2015). Farmers Prone to Drought Risk: Why Some Farmers 

Undertake Farm-Level Risk-Reduction Measures While Others Not? Environmental 

Management, 55(3), 588–602. https://doi.org/10.1007/s00267-014-0415-7 

Geressu, R. T., & Harou, J. J. (2015). Screening reservoir systems by considering the efficient 



107 
 

trade-offs—informing infrastructure investment decisions on the Blue Nile. Environmental 

Research Letters, 10(12), 125008. 

Ghoreishi, M., Razavi, S., & Elshorbagy, A. (2021). Understanding Human Adaptation to 

Drought: Agent-Based Agricultural Water Demand Modeling in the Bow River Basin, 

Canada. Hydrological Sciences Journal. https://doi.org/10.1080/02626667.2021.1873344 

Giacomoni, M. H., Kanta, L., & Zechman, E. M. (2013). Complex Adaptive Systems Apporach 

to Simulate the Sustainability of Water Resources and Urbanization. Journal of Water 

Resources Planning and Management, 139(June), 554–564. 

https://doi.org/10.1061/(ASCE)WR.1943-5452 

Gigerenzer, G., & Selten, R. (2001). Rethinking rationality. Bounded Rationality: The Adaptive 

Toolbox, 1, 12. 

Giuliani, M, & Castelletti, A. (2013). Assessing the value of cooperation and information 

exchange in large water resources systems by agent-based optimization, 49(July), 3912–

3926. https://doi.org/10.1002/wrcr.20287 

Giuliani, Matteo, Li, Y., Castelletti, A., & Gandolfi, C. (2016). A coupled human‐natural 

systems analysis of irrigated agriculture under changing climate. Water Resources 

Research, 52(9), 6928–6947. 

Gleick, P. H., Cooley, H., Famiglietti, J. S., Lettenmaier, D. P., Oki, T., Vörösmarty, C. J., & 

Wood, E. F. (2013). Improving understanding of the global hydrologic cycle. In Climate 

science for serving society (pp. 151–184). Springer. 

Global Water Partnership, G. (2009). A Handbook for Integrated Water Resources Management 

in Basins. Global Water Partnership (Stockholm, Sweden) and the International Network of 

Basin Organizations (Madrid, Spain). 

Gober, P, & Wheater, H. S. (2014). Socio-hydrology and the science–policy interface: a case 

study of the Saskatchewan River basin. Hydrology and Earth System Sciences, 18(4), 1413–

1422. 

Gober, Patricia, & Wheater, H. S. (2015). Debates—Perspectives on socio‐hydrology: Modeling 

flood risk as a public policy problem. Water Resources Research, 51(6), 4782–4788. 

Gómez‐Delgado, M., & Tarantola, S. (2006). GLOBAL sensitivity analysis, GIS and multi‐

criteria evaluation for a sustainable planning of a hazardous waste disposal site in Spain. 

International Journal of Geographical Information Science, 20(4), 449–466. 

Gómez, Carlos M, & Pérez-Blanco, C. D. (2014). Simple myths and basic maths about greening 

irrigation. Water Resources Management, 28(12), 4035–4044. 

Gómez, Carlos Mario, M, C. G., & Gutierrez, C. (2011). Enhancing Irrigation Efficiency but 

Increasing Water Use : The Jevons ’ Paradox Universidad de Alcala and IMDEA Water 

Foundation Universidad de Cordoba Enhancing Irrigation Efficiency but Increasing Water 

Use : The Jevons ’ Paradox University of Alcalá Un. EAAE 2011 Congress Change and 

Uncertainty, (August 2016), 16. Retrieved from 

http://econpapers.repec.org/RePEc:ags:eaae11:114622 

Gonzales, P., & Ajami, N. (2017a). Social and Structural Patterns of Drought-Related Water 

Conservation and Rebound. Water Resources Research, 619–634. 



108 
 

https://doi.org/10.1002/2017WR021852 

Gonzales, P., & Ajami, N. K. (2017b). The changing water cycle: impacts of an evolving supply 

and demand landscape on urban water reliability in the Bay Area. Wiley Interdisciplinary 

Reviews: Water, 4(6), e1240. 

Graveline, N., Majone, B., Van Duinen, R., & Ansink, E. (2014). Hydro-economic modeling of 

water scarcity under global change: an application to the Gállego river basin (Spain). 

Regional Environmental Change, 14(1), 119–132. 

Grimm, V., & Railsback, S. F. (2005). Individual-based modeling and ecology (Vol. 8). 

Princeton university press. 

Groeneveld, J., Müller, B., Buchmann, C. M., Dressler, G., Guo, C., Hase, N., … Schwarz, N. 

(2017). Theoretical foundations of human decision-making in agent-based land use models 

– A review. Environmental Modelling and Software, 87, 39–48. 

https://doi.org/10.1016/j.envsoft.2016.10.008 

Gunda, T., Turner, B. L., & Tidwell, V. C. (2018). The influential role of sociocultural feedbacks 

on community‐managed irrigation system behaviors during times of water stress. Water 

Resources Research, 54(4), 2697–2714. 

Gupta, H. V, & Razavi, S. (2018). Revisiting the basis of sensitivity analysis for Dynamical 

Earth System Models. Water Resources Research, 54(11), 8692–8717. 

Hejazi, M., Edmonds, J., Clarke, L., Kyle, P., Davies, E., Chaturvedi, V., … Calvin, K. (2014). 

Long-term global water projections using six socioeconomic scenarios in an integrated 

assessment modeling framework. Technological Forecasting and Social Change, 81, 205–

226. 

Hensley, V. S., & Levin, I. P. (1976). Multiplicative and additive processes in the subjective 

evaluation of travel expense. In Proceedings of the Iowa Academy of Science (Vol. 83, pp. 

35–39). 

Hoag, D., Luloff, A. E., & Osmond, D. L. (2012). Lessons learned from the NIFA-CEAP: How 

farmers and ranchers make decisions on conservation practices. NC State University, 

Raleigh, NC. 

Huffaker, R. (2008). Conservation potential of agricultural water conservation subsidies. Water 

Resources Research, 44(7), 1–8. https://doi.org/10.1029/2007WR006183 

Hukkinen, J. I. (2014). Model of the social–ecological system depends on model of the mind: 

Contrasting information-processing and embodied views of cognition. Ecological 

Economics, 99, 100–109. 

Huo, X., Gupta, H., Niu, G., Gong, W., & Duan, Q. (2019). Parameter sensitivity analysis for 

computationally intensive spatially distributed dynamical environmental systems models. 

Journal of Advances in Modeling Earth Systems, 11(9), 2896–2909. 

Iwanaga, T., Wang, H.-H., Hamilton, S. H., Grimm, V., Koralewski, T. E., Salado, A., … Glynn, 

P. (2021). Socio-technical scales in socio-environmental modeling: managing a system-of-

systems modeling approach. Environmental Modelling & Software, 135, 104885. 

Jager, W., Janssen, M. A., De Vries, H. J. M., De Greef, J., & Vlek, C. A. J. (2000). Behaviour in 



109 
 

commons dilemmas: Homo economicus and Homo psychologicus in an ecological-

economic model. Ecological Economics, 35(3), 357–379. 

Jeuland, M., & Whittington, D. (2014). Water resources planning under climate change: 

Assessing the robustness of real options for the Blue Nile. Water Resources Research, 

50(3), 2086–2107. 

Jevons, W. S. (1866). The coal question: an inquiry concerning the progress of the nation, and 

the probable exhaustion of our coal-mines. Macmillan London. 

Juana, J. S., Kahaka, Z., & Okurut, F. N. (2013). Farmers’ Perceptions and Adaptations to 

Climate Change in Sub-Sahara Africa: A Synthesis of Empirical Studies and Implications 

for Public Policy in African Agriculture. Journal of Agricultural Science, 5(4), 121–135. 

https://doi.org/10.5539/jas.v5n4p121 

Kagwanja, P. (2007). Calming the Waters : The East African Community and Conflict over the 

Nile Resources Calming the Waters : The East African Community and Conflict over the 

Nile Resources, 1055. https://doi.org/10.1080/17531050701625565 

Kahsay, T. N., Kuik, O., Brouwer, R., & van der Zaag, P. (2015). Estimation of the 

transboundary economic impacts of the Grand Ethiopia Renaissance Dam: A computable 

general equilibrium analysis. Water Resources and Economics, 10, 14–30. 

Kahsay, T. N., Kuik, O., Brouwer, R., & van der Zaag, P. (2017). Economic impact assessment 

of the grand ethiopian renaissance: Dam under different climate and hydrological 

conditions. The Grand Ethiopian Renaissance Dam and the Nile Basin: Implications for 

Transboundary Water Cooperation. Routledge. https://doi.org/10.4324/9781315160122 

Kandasamy, J., Sounthararajah, D., Sivabalan, P., Chanan, A., Vigneswaran, S., & Sivapalan, M. 

(2014). Socio-hydrologic drivers of the pendulum swing between agricultural development 

and environmental health: A case study from Murrumbidgee River basin, Australia. 

Hydrology and Earth System Sciences, 18(3), 1027–1041. https://doi.org/10.5194/hess-18-

1027-2014 

Kasperson, R. E., & Kasperson, J. X. (1996). The social amplification and attenuation of risk. 

The Annals of the American Academy of Political and Social Science, 545(1), 95–105. 

Kearns, M., Judd, S., Tan, J., & Wortman, J. (2009). Behavioral experiments on biased voting in 

networks. Proceedings of the National Academy of Sciences, 106(5), 1347–1352. 

Keeney, R. L. (1974). Multiplicative utility functions. Operations Research, 22(1), 22–34. 

Kerridge, J., Hine, J., & Wigan, M. (2001). Agent-based modelling of pedestrian movements: the 

questions that need to be asked and answered. Environment and Planning B: Planning and 

Design, 28(3), 327–341. 

Khandekar, M. L. (2004). Canadian Prairie Drought: A Climatological Assessment. Alberta 

Environment. Retrieved from https://open.alberta.ca/dataset/cee3d571-9d0f-4b8c-a71f-

2c2b1f4616f9/resource/4200f0af-4077-4740-a546-5f085d6a0ad1/download/aenv-canadian-

prairie-drought-a-climatological-assessment-6673.pdf 

King, C. (2015). Prairie drought - past, present and future | AG150. Retrieved December 25, 

2018, from https://www.ag150.ca/past/prairie-drought-past-present-and-future-2216 



110 
 

Knaepen, H., & Byiers, B. (2017). Understanding the Nile Basin Initiative Balancing historical 

rights, national needs and regional interests, 1–20. Retrieved from http://ecdpm.org/wp-

content/uploads/NBI-Background-Paper-PEDRO-Political-Economy-Dynamics-Regional-

Organisations-Africa-ECDPM-2017.pdf 

Kremmydas, D., Athanasiadis, I. N., & Rozakis, S. (2018). A review of Agent Based Modeling 

for agricultural policy evaluation. Agricultural Systems, 164, 95–106. 

Kulshreshtha, S. N., & Brown, W. J. (1993). Role of farmers’ attitudes in adoption of irrigation 

in Saskatchewan. Irrigation and Drainage Systems, 7(2), 85–98. 

https://doi.org/10.1007/BF00880869 

Kulshreshtha, S. N., & Brown, W. J. (1994). Adoption of irrigation: A review of the south 

Saskatchewan river irrigation district. Canadian Water Resources Journal, 19(2), 125–140. 

https://doi.org/10.1080/cwrj1902125 

Le Coent, P., Préget, R., & Thoyer, S. (2017). Compensating environmental losses versus 

creating environmental gains: implications for biodiversity offsets. Ecological Economics, 

142, 120–129. 

Lecina, S., Isidoro, D., Playán, E., & Aragüés, R. (2010). Irrigation modernization and water 

conservation in Spain: The case of Riegos del Alto Aragón. Agricultural Water 

Management, 97(10), 1663–1675. https://doi.org/10.1016/j.agwat.2010.05.023 

Levine, J., Chan, K. M. A., & Satterfield, T. (2015). From rational actor to efficient complexity 

manager: Exorcising the ghost of Homo economicus with a unified synthesis of cognition 

research. Ecological Economics, 114, 22–32. 

Li, X., & Liu, X. (2007). Defining agents’ behaviors to simulate complex residential 

development using multicriteria evaluation. Journal of Environmental Management, 85(4), 

1063–1075. 

Ligmann-Zielinska, A., & Sun, L. (2010). Applying time-dependent variance-based global 

sensitivity analysis to represent the dynamics of an agent-based model of land use change. 

International Journal of Geographical Information Science, 24(12), 1829–1850. 

https://doi.org/10.1080/13658816.2010.490533 

Ligtenberg, A., van Lammeren, R. J. A., Bregt, A. K., & Beulens, A. J. M. (2010). Validation of 

an agent-based model for spatial planning: A role-playing approach. Computers, 

Environment and Urban Systems, 34(5), 424–434. 

https://doi.org/10.1016/j.compenvurbsys.2010.04.005 

Linsley, R. K., Kohler, M. A., & Paulhus, J. L. H. (1975). Hydrology for engineers. 

Liu, Y., Tian, F., Hu, H., & Sivapalan, M. (2014). Socio-hydrologic perspectives of the co-

evolution of humans and water in the Tarim River basin, Western China: The Taiji-Tire 

model. Hydrology and Earth System Sciences, 18(4), 1289–1303. 

https://doi.org/10.5194/hess-18-1289-2014 

López-Gunn, E., Mayor, B., & Dumont, A. (2012). Implications of the modernization of 

irrigation systems. Water, Agriculture and the Environment in Spain: Can We Square the 

Circle, 241–253. 

Loucks, D. P. (2015). Debates—Perspectives on socio‐hydrology: Simulating hydrologic‐human 



111 
 

interactions. Water Resources Research, 51(6), 4789–4794. 

Lu, Y., Tian, F., Guo, L., Borzì, I., Patil, R., Wei, J., … Sivapalan, M. (2021). Socio-hydrologic 

modeling of the dynamics of cooperation in the transboundary Lancang–Mekong River. 

Hydrology and Earth System Sciences, 25(4), 1883–1903. 

Maass, A., Hufschmidt, M. M., & Dorfman, R. (1962). Design of water resource systems; new 

techniques for relating economic objectives, engineering analysis and governmental 

planning. In Design of water resource systems; new techniques for relating economic 

objectives, engineering analysis and governmental planning. Harvard University Press. 

Madani, K., Rouhani, O. M., Mirchi, A., & Gholizadeh, S. (2014). A negotiation support system 

for resolving an international trans-boundary natural resource conflict. Environmental 

Modelling & Software, 51, 240–249. 

Marino, S., Hogue, I. B., Ray, C. J., & Kirschner, D. E. (2008). A methodology for performing 

global uncertainty and sensitivity analysis in systems biology. Journal of Theoretical 

Biology, 254(1), 178–196. 

Marston, L., & Cai, X. (2016). An overview of water reallocation and the barriers to its 

implementation. Wiley Interdisciplinary Reviews: Water, 3(5), 658–677. 

Marston, L., & Konar, M. (2017). Drought impacts to water footprints and virtual water transfers 

of the Central Valley of California. Water Resources Research, 53(7), 5756–5773. 

Metawie, A. F. (2004). History of co-operation in the Nile basin. International Journal of Water 

Resources Development, 20(1), 47–63. https://doi.org/10.1080/07900620310001635601 

Mirumachi, N., & Van Wyk, E. (2010). Cooperation at different scales: challenges for local and 

international water resource governance in South Africa. Geographical Journal, 176(1), 

25–38. 

Monroe, K. R. (2001). Paradigm shift: from rational choice to perspective. International 

Political Science Review, 22(2), 151–172. 

Montanari, A. (2015). Debates—Perspectives on socio‐hydrology: Introduction. Water 

Resources Research, 51(6), 4768–4769. 

Moriasi, D. N., Arnold, J. G., Van Liew, M. W., Bingner, R. L., Harmel, R. D., & Veith, T. L. 

(2007). Model evaluation guidelines for systematic quantification of accuracy in watershed 

simulations. Transactions of the ASABE, 50(3), 885–900. 

Mulat, A. G., & Moges, S. A. (2014a). Assessment of the impact of the Grand Ethiopian 

Renaissance Dam on the performance of the High Aswan Dam. Journal of Water Resource 

and Protection, 2014. 

Mulat, A. G., & Moges, S. A. (2014b). Assessment of the Impact of the Grand Ethiopian 

Renaissance Dam on the Performance of the High Aswan Dam, (April), 583–598. 

Nasr, H., & Neef, A. (2016). Ethiopia’s challenge to Egyptian hegemony in the Nile River Basin: 

The case of the grand Ethiopian renaissance dam. Geopolitics, 21(4), 969–989. 

https://doi.org/10.1080/14650045.2016.1209740 

Nazemi, A., & Wheater, H. S. (2015a). On inclusion of water resource management in Earth 

system models -Part 1: Problem definition and representation of water demand. Hydrology 



112 
 

and Earth System Sciences, 19(1), 33–61. https://doi.org/10.5194/hess-19-33-2015 

Nazemi, A., & Wheater, H. S. (2015b). On inclusion of water resource management in Earth 

system models Part 2: Representation of water supply and allocation and opportunities for 

improved modeling. Hydrology and Earth System Sciences, 19(1), 63–90. 

https://doi.org/10.5194/hess-19-63-2015 

Ng, T. L., Eheart, J. W., Cai, X., & Braden, J. B. (2011). An agent‐based model of farmer 

decision‐making and water quality impacts at the watershed scale under markets for carbon 

allowances and a second‐generation biofuel crop. Water Resources Research, 47(9). 

Nicol, A., & Cascão, A. E. (2011). Against the flow - new power dynamics and upstream 

mobilisation in the Nile Basin. Review of African Political Economy, 38(128), 317–325. 

https://doi.org/10.1080/03056244.2011.582767 

Nicol, L. A., Bjornlund, H., & Klein, K. K. (2008). Improved Technologies and Management 

Practices in Irrigation—Implications for Water Savings in Southern Alberta. Canadian 

Water Resources Journal, 33(3), 283–294. https://doi.org/10.4296/cwrj3303283 

Nicol, L. A., & Klein, K. K. (2006). Water Market Characteristics: Results from a Survey of 

Southern Alberta Irrigators. Canadian Water Resources Journal / Revue Canadienne Des 

Ressources Hydriques, 31(2), 91–104. https://doi.org/10.4296/cwrj3102091 

Nigatu, G., & Dinar, A. (2016). Economic and hydrological impacts of the Grand Ethiopian 

Renaissance Dam on the Eastern Nile River basin. Environment and Development 

Economics, 21(04), 532–555. 

Nile Basin Initiative. (2012). State of the River Nile Basin 2012. 

Nile Basin Initiative. (2016). Nile Basin Water Resources Atlas. Nile Basin Water Resources 

Atlas. 

Nile Basin Initiative (NBI). (2019). NBI Strategy. Retrieved September 13, 2019, from 

https://www.nilebasin.org/what-we-do/nbi-strategy 

Noël, P. H., & Cai, X. (2017). On the role of individuals in models of coupled human and natural 

systems: Lessons from a case study in the Republican River Basin. Environmental 

Modelling and Software, 92(March 1993), 1–16. 

https://doi.org/10.1016/j.envsoft.2017.02.010 

Nowak, P. (1992). Why farmers adopt production technology Overcoming impediments to 

adoption of crop residue management techniques will be crucial to implementation of 

conservation compliance plans. Journal of Soil and Water Conservation, 47(1), 14–16. 

Paisley, R. K., & Henshaw, T. W. (2013). Transboundary governance of the Nile River Basin: 

Past, present and future. Environmental Development, 7(1), 59–71. 

https://doi.org/10.1016/j.envdev.2013.05.003 

Pande, S., & Savenije, H. H. G. (2016). A sociohydrological model for smallholder farmers in 

Maharashtra, India. Water Resources Research, 52(3), 1923–1947. 

https://doi.org/10.1002/2015WR017841 

Pande, S., & Sivapalan, M. (2017). Progress in socio‐hydrology: a meta‐analysis of challenges 

and opportunities. Wiley Interdisciplinary Reviews: Water, 4(4). 



113 
 

Papalexiou, S. M. (2018). Unified theory for stochastic modelling of hydroclimatic processes: 

Preserving marginal distributions, correlation structures, and intermittency. Advances in 

Water Resources, 115, 234–252. https://doi.org/10.1016/J.ADVWATRES.2018.02.013 

Parker, D. C., Manson, S. M., Janssen, M. A., Hoffmann, M. J., & Deadman, P. (2003). Multi‐

agent systems for the simulation of land‐use and land‐cover change: A review. Annals of the 

Association of American Geographers, 93(2), 314–337. 

Pfeiffer, L., & Lin, C.-Y. C. (2014). Does efficient irrigation technology lead to reduced 

groundwater extraction? Empirical evidence. Journal of Environmental Economics and 

Management, 67(2), 189–208. 

Pfrimmer, J., Gigliotti, L., Stafford, J., Schumann, D., & Bertrand, K. (2017). Motivations for 

Enrollment Into the Conservation Reserve Enhancement Program in the James River Basin 

of South Dakota. Human Dimensions of Wildlife, 22(4), 382–389. 

Pietroniro, A., Fortin, V., Kouwen, N., Neal, C., Turcotte, R., Davison, B., … Evora, N. (2007). 

Development of the MESH modelling system for hydrological ensemble forecasting of the 

Laurentian Great Lakes at the regional scale. 

Portes, A. (2000). The two meanings of social capital. In Sociological forum (Vol. 15, pp. 1–12). 

Springer. 

Prairie Provinces Water Board. (1969). Master agreement on apportionment. See Http://Www. 

Ppwb. ca/GsDisplayGeneral/Show/Menu_id/79/Id/11. Html. 

Putnam, R. (1993). The prosperous community: Social capital and public life. The American 

Prospect, 13(Spring), Vol. 4. Available online: http://www. prospect. org/print/vol/13 

(accessed 7 April 2003). 

Quesnel, K. J., & Ajami, N. K. (2017). Changes in water consumption linked to heavy news 

media coverage of extreme climatic events. Science Advances, 3(10), e1700784. 

https://doi.org/10.1126/sciadv.1700784 

Qureshi, M. E., Schwabe, K., Connor, J., & Kirby, M. (2010). Environmental water incentive 

policy and return flows. Water Resources Research, 46(4), 1–12. 

https://doi.org/10.1029/2008WR007445 

Ramirez, A. (2013). The Influence of Social Networks on Agricultural Technology Adoption. 

Procedia - Social and Behavioral Sciences, 79, 101–116. 

https://doi.org/10.1016/j.sbspro.2013.05.059 

Razavi, S., Gober, P., Maier, H. R., Brouwer, R., & Wheater, H. (2020). Anthropocene flooding: 

Challenges for science and society. Hydrological Processes, 34(8), 1996–2000. 

Razavi, S., & Gupta, H. V. (2015). What do we mean by sensitivity analysis? The need for 

comprehensive characterization of “global” sensitivity in E arth and E nvironmental 

systems models. Water Resources Research, 51(5), 3070–3092. 

Razavi, S., & Gupta, H. V. (2016a). A new framework for comprehensive, robust, and efficient 

global sensitivity analysis: 1. Theory. Water Resources Research, 52(1), 423–439. 

Razavi, S., & Gupta, H. V. (2016b). A new framework for comprehensive, robust, and efficient 

global sensitivity analysis: 2. Application. Water Resources Research, 52(1), 440–455. 



114 
 

Razavi, S., & Gupta, H. V. (2019). A multi-method Generalized Global Sensitivity Matrix 

approach to accounting for the dynamical nature of earth and environmental systems 

models. Environmental Modelling & Software, 114, 1–11. 

Razavi, S., Jakeman, A., Saltelli, A., Prieur, C., Iooss, B., Borgonovo, E., … Becker, W. (2021). 

The future of sensitivity analysis: an essential discipline for systems modeling and policy 

support. Environmental Modelling & Software, 137, 104954. 

Refsgaard, J. C., Storm, B., & MIKE, S. H. E. (1995). Computer models of watershed hydrology. 

Water Resources Publication, 809–846. 

Reuss, M. (2003). Is it time to resurrect the Harvard Water Program? Journal of Water 

Resources Planning and Management, 129(5), 357–360. 

Richiardi, M. G., Leombruni, R., Saam, N. J., & Sonnessa, M. (2006). A common protocol for 

agent-based social simulation. Journal of Artificial Societies and Social Simulation, 9. 

Roby, N. A., Gonzales, P., Quesnel, K. J., & Ajami, N. K. (2018). A novel search algorithm for 

quantifying news media coverage as a measure of environmental issue salience. 

Environmental Modelling and Software, 101, 249–255. 

https://doi.org/10.1016/j.envsoft.2017.12.012 

Rogers, P. (1969). A game theory approach to the problems of international river basins. Water 

Resources Research, 5(4), 749–760. 

Roobavannan, M., Van Emmerik, T. H. M., Elshafei, Y., Kandasamy, J., Sanderson, M. R., 

Vigneswaran, S., … Sivapalan, M. (2018). Norms and values in sociohydrological models. 

Hydrology and Earth System Sciences, 22(2), 1337–1349. https://doi.org/10.5194/hess-22-

1337-2018 

Rush, R., Ivey, J., de Loë, R., & Kreutzwiser, R. (2004). Adapting to climate change in the 

Oldman River watershed, Alberta: A discussion paper for watershed stakeholders. Guelph 

Water Management Group, Department of Geography, University of Guelph, Guelph, ON. 

Saisana, M., Saltelli, A., & Tarantola, S. (2005). Uncertainty and sensitivity analysis techniques 

as tools for the quality assessment of composite indicators. Journal of the Royal Statistical 

Society: Series A (Statistics in Society), 168(2), 307–323. 

Salecker, J., Sciaini, M., Meyer, K. M., & Wiegand, K. (2019). The nlrx r package : A next ‐ 

generation framework for reproducible NetLogo model analyses, 2019(April), 1854–1863. 

https://doi.org/10.1111/2041-210X.13286 

Salman, S. M. A. (2013). The Nile Basin Cooperative Framework Agreement: A peacefully 

unfolding African spring? Water International, 38(1), 17–29. 

https://doi.org/10.1080/02508060.2013.744273 

Saltelli, A., Ratto, M., Andres, T., Campolongo, F., Cariboni, J., Gatelli, D., … Tarantola, S. 

(2008). Global sensitivity analysis: the primer. John Wiley & Sons. 

Sangiorgio, M., & Guariso, G. (2018). NN-based implicit stochastic optimization of multi-

reservoir systems management. Water, 10(3), 303. 

Sauchyn, D., Barrow, E., Hopkinson, R., & Leavitt, P. (2010). Aridity on the Canadian Plains: 

Future Trends and Past Variability. Summary Document. 



115 
 

Saunders, H. D. (2008). Fuel conserving (and using) production functions. Energy Economics, 

30(5), 2184–2235. https://doi.org/10.1016/j.eneco.2007.11.006 

Scheierling, S. M., Young, R. A., & Cardon, G. E. (2006). Public subsidies for water‐conserving 

irrigation investments: Hydrologic, agronomic, and economic assessment. Water Resources 

Research, 42(3). 

Schelling, T. C. (1973). Hockey helmets, concealed weapons, and daylight saving: A study of 

binary choices with externalities. Journal of Conflict Resolution, 17(3), 381–428. 

Schlüter, M., Baeza, A., Dressler, G., Frank, K., Groeneveld, J., Jager, W., … Wijermans, N. 

(2017). A framework for mapping and comparing behavioural theories in models of social-

ecological systems. Ecological Economics, 131, 21–35. 

https://doi.org/10.1016/j.ecolecon.2016.08.008 

Schlüter, M., & Pahl-Wostl, C. (2007). Mechanisms of resilience in common-pool resource 

management systems: an agent-based model of water use in a river basin. Ecology and 

Society, 12(2). 

Schmidt, J. J. (2007). Pricing water to death. Alternatives Journal, 33(4), 29. 

Schmidt, U. (2003). Reference dependence in cumulative prospect theory. Journal of 

Mathematical Psychology, 47(2), 122–131. 

Schreinemachers, P., & Berger, T. (2006). Land use decisions in developing countries and their 

representation in multi-agent systems. Journal of Land Use Science, 1(1), 29–44. 

Schreinemachers, P., & Berger, T. (2011). An agent-based simulation model of human–

environment interactions in agricultural systems. Environmental Modelling & Software, 

26(7), 845–859. 

Sears, L., Caparelli, J., Lee, C., Pan, D., Strandberg, G., Vuu, L., & Lin Lawell, C.-Y. C. (2018). 

Jevons’ paradox and efficient irrigation technology. Sustainability, 10(5), 1590. 

Segovia-Juarez, J. L., Ganguli, S., & Kirschner, D. (2004). Identifying control mechanisms of 

granuloma formation during M. tuberculosis infection using an agent-based model. Journal 

of Theoretical Biology, 231(3), 357–376. 

Seide, W. M. (2014). Dividends of Cooperation: The Case of the Nile River. In Workshop 

“Counting Our Gains: Sharing Experiences on Identifying, Assessing and Communicating 

the Benefits of Transboundary Water Cooperation”. Geneva (pp. 22–23). 

Shapiro, A., & Summers, R. (2015). The evolution of water management in Alberta, Canada: the 

influence of global management paradigms and path dependency. International Journal of 

Water Resources Development, 31(4), 732–749. 

https://doi.org/10.1080/07900627.2015.1005286 

Sheikholeslami, R., Gharari, S., Papalexiou, S. M., & Clark, M. P. (2021). VISCOUS: A 

Variance‐Based Sensitivity Analysis Using Copulas for Efficient Identification of Dominant 

Hydrological Processes. Water Resources Research, e2020WR028435. 

Sheikholeslami, R., & Razavi, S. (2017). Progressive Latin Hypercube Sampling: An efficient 

approach for robust sampling-based analysis of environmental models. Environmental 

Modelling & Software, 93, 109–126. 



116 
 

Sheikholeslami, R., & Razavi, S. (2020). A fresh look at variography: measuring dependence 

and possible sensitivities across geophysical systems from any given data. Geophysical 

Research Letters, 47(20), e2020GL089829. 

Sheikholeslami, R., Razavi, S., Gupta, H. V, Becker, W., & Haghnegahdar, A. (2019). Global 

sensitivity analysis for high-dimensional problems: How to objectively group factors and 

measure robustness and convergence while reducing computational cost. Environmental 

Modelling & Software, 111, 282–299. 

Siam, M. S., & Eltahir, E. A. B. (2017). Climate change enhances interannual variability of the 

Nile river flow. Nature Climate Change, 7(5), 350–354. 

https://doi.org/10.1038/nclimate3273 

Siebenhüner, B. (2000). Homo sustinens—towards a new conception of humans for the science 

of sustainability. Ecological Economics, 32(1), 15–25. 

Siegel, S. (1957). Level of aspiration and decision making. Psychological Review, 64(4), 253. 

Simon, H. A. (1955). A behavioral model of rational choice. The Quarterly Journal of 

Economics, 69(1), 99–118. 

Simon, H. A. (1978). Rationality as process and as product of thought. The American Economic 

Review, 68(2), 1–16. 

Sivapalan, M. (2015). Debates—Perspectives on socio‐hydrology: Changing water systems and 

the “tyranny of small problems”—Socio‐hydrology. Water Resources Research, 51(6), 

4795–4805. 

Sivapalan, M. (2018). From engineering hydrology to Earth system science: Milestones in the 

transformation of hydrologic science. Hydrology and Earth System Sciences, 22(3), 1665–

1693. https://doi.org/10.5194/hess-22-1665-2018 

Sivapalan, M., & Blöschl, G. (2015). Time scale interactions and the coevolution of humans and 

water. Water Resources Research, 51(9), 6988–7022. 

Sivapalan, M., Savenije, H. H. G., & Blöschl, G. (2012a). Socio-hydrology: A new science of 

people and water. Hydrological Processes, 26(8), 1270–1276. 

https://doi.org/10.1002/hyp.8426 

Sivapalan, M., Savenije, H. H. G., & Blöschl, G. (2012b). Socio‐hydrology: A new science of 

people and water. Hydrological Processes, 26(8), 1270–1276. 

Song, J., Guo, Y., Wu, P., & Sun, Sh. (2018). The Agricultural Water Rebound Effect in China. 

Ecological Economics, 146(December 2017), 497–506. 

https://doi.org/10.1016/j.ecolecon.2017.12.016 

Soto-García, M., Martínez-Alvarez, V., García-Bastida, P. A., Alcon, F., & Martin-Gorriz, B. 

(2013). Effect of water scarcity and modernisation on the performance of irrigation districts 

in south-eastern Spain. Agricultural Water Management, 124, 11–19. 

Srinivasan, V. (2015). Reimagining the past - Use of counterfactual trajectories in socio-

hydrological modelling: The case of Chennai, India. Hydrology and Earth System Sciences, 

19(2), 785–801. https://doi.org/10.5194/hess-19-785-2015 

Srinivasan, V., Sanderson, M., Garcia, M., Konar, M., Blöschl, G., & Sivapalan, M. (2017). 



117 
 

Prediction in a socio-hydrological world. Hydrological Sciences Journal, 62(3), 338–345. 

https://doi.org/10.1080/02626667.2016.1253844 

Srinivasan, Veena. (2015). Reimagining the past–use of counterfactual trajectories in socio-

hydrological modelling: the case of Chennai, India. Hydrology and Earth System Sciences, 

19(2), 785–801. 

Statistics Canada. (2016). Census of Agriculture. Retrieved from 

https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210001101&pickMembers%5B0%

5D=1.10 

Statistics Canada. (2021). Estimated areas, yield, production, average farm price and total farm 

value of principal field crops. Retrieved from 

https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210035901&cubeTimeFrame.startY

ear=1999&cubeTimeFrame.endYear=2020&referencePeriods=19990101%2C20200101 

Sterman, J. D. (2001). System dynamics modeling: tools for learning in a complex world. 

California Management Review, 43(4), 8–25. 

Steyvers, M., Lee, M. D., & Wagenmakers, E.-J. (2009). A Bayesian analysis of human 

decision-making on bandit problems. Journal of Mathematical Psychology, 53(3), 168–179. 

Strzepek, K. M., Yohe, G. W., Tol, R. S. J., & Rosegrant, M. W. (2008). The value of the high 

Aswan Dam to the Egyptian economy. Ecological Economics, 66(1), 117–126. 

Swain, A. (2011). Challenges for water sharing in the Nile basin : changing geo-politics and 

changing climate Challenges for water sharing in the Nile basin : changing geo-politics, 

6667. https://doi.org/10.1080/02626667.2011.577037 

Tadesse, T., Hassan, R. M., Ringler, C., Alemu, T., & Yesuf, M. (2009). Determinants of 

farmers ’ choice of adaptation methods to climate change in the Nile Basin of Ethiopia, 19, 

248–255. https://doi.org/10.1016/j.gloenvcha.2009.01.002 

Tafesse, T. (2001). The hydropolitical assessment of the nile question: An Ethiopian perspective. 

Water International, 26(4), 1–11. https://doi.org/10.1080/02508060108686945 

Tawfik, R. (2016a). The Grand Ethiopian Renaissance Dam : a benefit- sharing project in the 

Eastern Nile ? The Grand Ethiopian Renaissance Dam : a bene fi t-sharing project in the 

Eastern Nile ?, 8060(April). https://doi.org/10.1080/02508060.2016.1170397 

Tawfik, R. (2016b). The Grand Ethiopian Renaissance Dam: a benefit-sharing project in the 

Eastern Nile? Water International, 41(4), 574–592. 

https://doi.org/10.1080/02508060.2016.1170397 

Tolson, B. A., & Shoemaker, C. A. (2007). Dynamically dimensioned search algorithm for 

computationally efficient watershed model calibration. Water Resources Research, 43(1), 

1–16. https://doi.org/10.1029/2005WR004723 

Troy, T J, Konar, M., Srinivasan, V., & Thompson, S. (2015). Moving sociohydrology forward: 

a synthesis across studies. Hydrology and Earth System Sciences, 19(8), 3667–3679. 

Troy, Tara J, Pavao‐Zuckerman, M., & Evans, T. P. (2015). Debates—Perspectives on socio‐

hydrology: Socio‐hydrologic modeling: Tradeoffs, hypothesis testing, and validation. Water 

Resources Research, 51(6), 4806–4814. 



118 
 

Tubiello, F. N., & Fischer, G. (2007). Reducing climate change impacts on agriculture: Global 

and regional effects of mitigation, 2000–2080. Technological Forecasting and Social 

Change, 74(7), 1030–1056. 

Turner, R.J.W., Franklin, R.G., Grasby, S.E., and Nowlan, G. . (2005). Bow River Basin 

Waterscape; Geological Survey of Canada, Miscellaneous Report 90. Geological Survey of 

Canada. 

Turner, R. J. W., Franklin, R. G., Grasby, S. E., & Nowlan, G. S. (2005). Bow River Basin 

Waterscape: protecting and conserving the shared waters of our Bow River. Geological 

Survey of Canada, Miscellaneous Report 90. Retrieved from 

http://ftp2.cits.rncan.gc.ca/pub/geott/ess_pubs/221/221206/mr_90_e.pdf 

Tversky, A., & Kahneman, D. (1991). Loss aversion in riskless choice: A reference-dependent 

model. The Quarterly Journal of Economics, 106(4), 1039–1061. 

United Nations Environment Programme. (2002). Atlas of International Freshwater Agreements. 

Retrieved from https://wedocs.unep.org/20.500.11822/8182 

United States Department of Agriculture. (1970). Irrigation water requirements. 

Van Den Bergh, J. C. J. M., Ferrer-i-Carbonell, A., & Munda, G. (2000). Alternative models of 

individual behaviour and implications for environmental policy. Ecological Economics, 

32(1), 43–61. 

Van Emmerik, T. H. M., Li, Z., Sivapalan, M., Pande, S., Kandasamy, J., Savenije, H. H. G., … 

Vigneswaran, S. (2014). Socio-hydrologic modeling to understand and mediate the 

competition for water between agriculture development and environmental health: 

Murrumbidgee River basin, Australia. Hydrology and Earth System Sciences, 18(10), 4239–

4259. https://doi.org/10.5194/hess-18-4239-2014 

Viglione, A., Di Baldassarre, G., Brandimarte, L., Kuil, L., Carr, G., Salinas, J. L., … Blo¨schl, 

G. (2014). Insights from socio-hydrology modelling on dealing with flood risk - Roles of 

collective memory, risk-taking attitude and trust. Journal of Hydrology, 518(PA), 71–82. 

https://doi.org/10.1016/j.jhydrol.2014.01.018 

Vörösmarty, C. J., McIntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P., … 

Liermann, C. R. (2010). Global threats to human water security and river biodiversity. 

Nature, 467(7315), 555–561. 

Vörösmarty, C. J., Pahl-Wostl, C., Bunn, S. E., & Lawford, R. (2013). Global water, the 

anthropocene and the transformation of a science. Current Opinion in Environmental 

Sustainability, 5(6), 539–550. 

Wagener, T., Boyle, D. P., Lees, M. J., Wheater, H. S., Gupta, H. V, & Sorooshian, S. (2001). A 

framework for development and application of hydrological models. 

Ward, F. A., & Pulido-Velazquez, M. (2008). Water conservation in irrigation can increase water 

use. Proceedings of the National Academy of Sciences, 105(47), 18215–18220. 

Water, B. R., & Project, M. (2017). Advice to Government on Water Management in the Bow 

River Basin. 

Waterbury, J. (2008). The Nile Basin: National determinants of collective action. Yale 



119 
 

University Press. 

Watts, D. J. (2002). A simple model of global cascades on random networks. Proceedings of the 

National Academy of Sciences, 99(9), 5766–5771. 

Weedon, G. P., Balsamo, G., Bellouin, N., Gomes, S., Best, M. J., & Viterbo, P. (2014). The 

WFDEI meteorological forcing data set: WATCH Forcing Data methodology applied to 

ERA‐Interim reanalysis data. Water Resources Research, 50(9), 7505–7514. 

Wei, J., Ghoreishi, M., Souza, F., Lu Y., Tian, F. (2019). A Sociohydrological Framework to 

Understand Conflict and Cooperation Dynamics in Transboundary Rivers. San Francisco, 

California: American Geophysical Union. 

Wens, M., Johnson, J. M., Zagaria, C., & Veldkamp, T. I. E. (2019). Integrating human behavior 

dynamics into drought risk assessment—A sociohydrologic, agent‐based approach. Wiley 

Interdisciplinary Reviews: Water, (April), e1345. https://doi.org/10.1002/wat2.1345 

Wens, M., Veldkamp, T. I. E., Mwangi, M., Johnson, J. M., Lasage, R., Haer, T., & Aerts, J. C. 

J. H. (2020). Simulating small-scale agricultural adaptation decisions in response to drought 

risk-An empirical agent-based model for semi-arid Kenya. Frontiers in Water, 2, 15. 

Westerberg, I. K., Di Baldassarre, G., Beven, K. J., Coxon, G., & Krueger, T. (2017). Perceptual 

models of uncertainty for socio-hydrological systems: a flood risk change example. 

Hydrological Sciences Journal, 62(11), 1705–1713. 

https://doi.org/10.1080/02626667.2017.1356926 

Wheater, H., & Gober, P. (2013). Water security in the Canadian Prairies: science and 

management challenges. Phil. Trans. R. Soc. A, 371(2002), 20120409. 

Wheaton, E., Wittrock, V., Kulshretha, S., & Koshida, G. (2005). Lessons learned from the 

Canadian drought years of 2001 and 2002: synthesis report. Innovation, (11602). Retrieved 

from http://www4.agr.gc.ca/AAFC-AAC/display-

afficher.do?id=1256667063661&lang=eng 

Wheeler, K. G. (2017). Managing risks while filling the: Grand ethiopian renaissance dam. The 

Grand Ethiopian Renaissance Dam and the Nile Basin: Implications for Transboundary 

Water Cooperation, 193–215. https://doi.org/10.4324/9781315160122 

Wheeler, K. G., Basheer, M., Mekonnen, Z. T., Eltoum, S. O., Mersha, A., Abdo, G. M., … 

Dadson, S. J. (2016). Cooperative filling approaches for the grand Ethiopian renaissance 

dam. Water International, 41(4), 611–634. 

Wheeler, K. G., Hall, J. W., Abdo, G. M., Dadson, S. J., Kasprzyk, J. R., Smith, R., & Zagona, 

E. A. (2018). Exploring cooperative transboundary river management strategies for the 

Eastern Nile Basin. Water Resources Research, 54(11), 9224–9254. 

Wheeler, K. G., Jeuland, M., Hall, J. W., Zagona, E., & Whittington, D. (2020). Understanding 

and managing new risks on the Nile with the Grand Ethiopian Renaissance Dam. Nature 

Communications, 11(1), 1–9. 

Whittington, D., Waterbury, J., & Jeuland, M. (2014). The Grand Renaissance Dam and 

prospects for cooperation on the Eastern Nile, 16, 595–608. 

https://doi.org/10.2166/wp.2014.011 



120 
 

Wilensky, U., & Rand, W. (2015). An introduction to agent-based modeling: modeling natural, 

social, and engineered complex systems with NetLogo. MIT Press. 

Wilson, R. C., Geana, A., White, J. M., Ludvig, E. A., & Cohen, J. D. (2011). Why the grass is 

greener on the other side: Behavioral evidence for an ambiguity bonus in human 

exploratory decision-making. Neuroscience. 

Windrum, P., Fagiolo, G., & Moneta, A. (2007). Empirical validation of agent-based models: 

Alternatives and prospects. Jasss, 10(2). 

Wolf, A. T. (2007). Shared waters: Conflict and cooperation. Annu. Rev. Environ. Resour., 32, 

241–269. 

Wolf, A. T., Stahl, K., & Macomber, M. F. (2003). Conflict and cooperation within international 

river basins: The importance of institutional capacity. Water Resources Update, 125(2), 31–

40. 

Wood, E. F., Roundy, J. K., Troy, T. J., Van Beek, L. P. H., Bierkens, M. F. P., Blyth, E., … 

Famiglietti, J. (2011). Hyperresolution global land surface modeling: Meeting a grand 

challenge for monitoring Earth’s terrestrial water. Water Resources Research, 47(5). 

World Bank. (2021). World Bank. Retrieved September 13, 2019, from 

https://data.worldbank.org/ 

Worldwide Governance Indicators. (2021). Political Stability and Absence of Violence. 

Retrieved July 23, 2021, from http://info.worldbank.org/governance/wgi/ 

Wutich, A., White, A. C., White, D. D., Larson, K. L., Brewis, A., & Roberts, C. (2014). Hard 

paths, soft paths or no paths? Cross-cultural perceptions of water solutions. Hydrology and 

Earth System Sciences, 18(1), 109–120. 

Yaeger, M. A., Housh, M., Cai, X., & Sivapalan, M. (2014). An integrated modeling framework 

for exploring flow regime and water quality changes with increasing biofuel crop 

production in the US C orn B elt. Water Resources Research, 50(12), 9385–9404. 

Yoshikawa, S., Yanagawa, A., Iwasaki, Y., Sui, P., Koirala, S., Hirano, K., … Yoshimura, C. 

(2014). Illustrating a new global-scale approach to estimating potential reduction in fish 

species richness due to flow alteration. Hydrology and Earth System Sciences, 18(2), 621–

630. 

Zarezadeh, M., Madani, K., & Morid, S. (2012). Resolving transboundary water conflicts: 

lessons learned from the Qezelozan-Sefidrood river bankruptcy problem. In World 

Environmental and Water Resources Congress 2012: Crossing Boundaries (pp. 2406–

2412). 

Zeitoun, M., Cascão, A. E., Warner, J., Mirumachi, N., Matthews, N., Menga, F., & Farnum, R. 

(2017). Transboundary water interaction III: contest and compliance. International 

Environmental Agreements: Politics, Law and Economics, 17(2), 271–294. 

https://doi.org/10.1007/s10784-016-9325-x 

Zeitoun, M., & Mirumachi, N. (2008). Transboundary water interaction I: Reconsidering conflict 

and cooperation. International Environmental Agreements: Politics, Law and Economics, 

8(4), 297–316. https://doi.org/10.1007/s10784-008-9083-5 



121 
 

Zeitoun, M., Mirumachi, N., & Warner, J. (2011a). Transboundary water interaction II: Soft 

power underlying conflict and cooperation. International Environmental Agreements, 11(2), 

159–178. 

Zeitoun, M., Mirumachi, N., & Warner, J. (2011b). Transboundary water interaction II: The 

influence of “soft” power. International Environmental Agreements: Politics, Law and 

Economics, 11(2), 159–178. https://doi.org/10.1007/s10784-010-9134-6 

Zeitoun, M., & Warner, J. (2006). Hydro-hegemony - A framework for analysis of trans-

boundary water conflicts. Water Policy, 8(5), 435–460. 

https://doi.org/10.2166/wp.2006.054 

Zhang, S., & Yu, A. (2013). Cheap but clever: human active learning in a bandit setting. In 

Proceedings of the Annual Meeting of the Cognitive Science Society (Vol. 35). 

Zhang, Z., Hu, H., Tian, F., Yao, X., & Sivapalan, M. (2014). Groundwater dynamics under 

water-saving irrigation and implications for sustainable water management in an oasis: 

Tarim River basin of western China. Hydrology and Earth System Sciences, 18(10), 3951–

3967. 

 


